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[57] ABSTRACT

According to this invention, there is provided a method
of repairing a bump defect of a structure obtained by
forming a predetermined pattern on a substrate, having
the steps of forming a first thin film consisting of a
matenal different from that of the substrate on the sub-
strate around the bump defect or close to the bump
defect, forming a second thin film on the bump defect
and the first thin film to flatten an upper surface of the
second thin film, performing simultaneous removal of
the bump defect and the thin films on an upper portion
of the projecting defect and around the bump defect
using a charged particle beam, and performing removal
of the thin films left in the step of performing simulta-
neous removal.

54 Claims, 22 Drawing Sheets
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METHOD OF REPAIRING DEFECT OF
STRUCTURE

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a method of repairing
a bump or divot defect of a structure and, more particu-
larly, to a method of repairing a defect of a structure,
suitable for repairing a defect of a phase-shifting mask.

2. Description of the Related Art

In recent years, a phase shift mask in which a resolu-
tion 1s improved using a phase shift effect is used as a
mask for transferring an LSI pattern to a wafer. In such
a phase shift mask, when a defect occurs in a shifter,
preferable pattern transfer cannot be performed. For
this reason, when the defect occurs, the defect must be
reliably repaired.

The following method is proposed. That is, when a
bump defect is present in the shifter of a phase shift
mask, and a focused ion beam is irradiated on the defect,
the defect is repaired by etching the bump defect. How-
ever, since the phase shifter and a mask substrate often
consist of the same material, this method cannot easily
detect the end of etching of the bump defect. In addi-
tion, even if only the bump defect can be etched, the
shape of the shifter after etching depends on the shape
of the projecting defect.

In order to solve the above problem, the following
method can be considered. That is, the projecting defect
1s covered with a deposition film so as to flatten the
upper surtace of the film, the deposition film including
the bump defect is etched by a focused ion beam under
a condition in which the projecting defect and deposi-
tion film are etched at the same rate, thereby removing
the bump defect together with the deposition film.

In assisted deposition using the focused ion beam,
however, it 1s difficult to deposit some types of films on
the bump defect so as to flatten the upper surface of the
film. When the thickness of the deposition film is in-
creased to some extent, the size of a deposition film step
at a portion where the edge of the bump defect is cov-
ered with the deposition film is decreased. However,
even when a film having a thickness larger than that of
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a predetermined thickness is deposited, the deposition 45

film step is not easily flattened. When the film having
the step is etched, the shape of the etched structure
depends on the shape of the step, and the mask surface
can not be flat after removing the bump defect.

In repairing a divot defect, it is very difficult to repair
the defect such that the surface of a buried portion is set
on the same plane as that of the remaining shifter sur-
face.

As descnibed above, it i1s conventionally considered
that the defect of a phase shift mask is repaired using a
focused i1on beam. Since a deposition film cannot be
easily formed on the defect so as to obtain a flat surface,
the defect cannot be easily repaired to be flattened at
the same level as that of the substrate surface.

SUMMARY OF THE INVENTION

The present invention has been made in consideration
of the above circumstances, and has as its object to
provide a method of repairing a defect of a structure, in
which a recessed or bump defect can be repaired to be
flattened at the same level as that of a substrate surface.

In order to solve the above problem, according to the
first aspect of the present invention, there is provided a
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method of repairing a bump defect of a structure ob-
tained by forming a predetermined pattern on a sub-
strate, comprising the steps of forming a first thin film
consisting of a matenal different from that of the sub-
strate on the substrate around the projecting defect or
close to the bump defect, forming a second thin {ilm on
the bump defect and the first thin film to flatten an
upper surface of the second thin film, performing simul-
taneous removal of the projecting defect and the thin
films on an upper portion of the bump defect and
around the bump defect using a charged particle beam,
and performing removal of the thin films left in the step
of performing the simultaneous removal.

According to the second aspect of the present inven-
tion, there 1s provided a method of repairing a divot
detect of a structure obtained by forming a predeter-
mined pattern on a substrate, comprising the steps of
burying a maternal in the divot defect and forming a
portion projecting from a substrate surface, covering a
region including the projecting portion with a flattening
film consisting of a material different from that of the
substrate to flatten an upper surface of the region, per-
forming simultaneous removal of the projecting portion
and the flattening films around the prejecting portion
using a charged particle beam, and performing removal
of the flattening fiims left in the step of performing the
simuitaneous removal.

Conditions for the preferable embodiment of the
present invention are as follows.

(1) The first and second thin films consist of a mate-
rial containing carbon which is subjected to assisted
deposition using an FIB (Focused Ion Beam). This as-
sisted deposition is performed using a hydrocarbon-
based gas. This hydrocarbon-based gas is a methyl
methacrylate gas, a 2,4,4-trimethyl-1-pentene gas, or
1soprene gas.

(2) The first and second thin films consist of a mate-
rial containing tungsten subjected to assisted deposition
using an FIB. This assisted deposition is performed
using W(CO)¢ or WF.

(3) A flattening film consists of a photosensitive resin
or a resmn which is crosslinked or decomposed by
charged particles.

(4) In the step of performing the simultaneous re-
moval, the bump defect or portion and the first and
second thin films are removed at the same etching rate
by controlling processing conditions.

(5) In the step of performing the simultaneous re-
moval, the bump defect or portion and the first and
second thin films are removed by sputtering using an
FIB and/or assisted etching using charged particles.
This assisted etching is performed using an XeF; gas
and/or a gas containing an oxygen element. The gas
containing an oxygen element is O;, O3, or N>O.

(6) In the step of performing the simultaneous re-
moval, the end point of processing the bump defect or
portion and the first and second thin films is detected by
measuring secondary particles discharged from the
bump defect or the projecting portion and the first and
second thin films.

(7) The first and second thin films left in the step of
performing the simultaneous removal are removed by
thermal etching using a laser beam, reactive etching
using a laser beam in an O; atmosphere or an O3 atmo-
sphere, an O plasma asher, chemical dry etching using
a gas obtained by adding at least one of CF4, H;, H,O,
N2, N2O, and NO to an O3 gas, chemical dry etching or
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RIE using a hydrogen gas or a gas containing hydrogen
atom, or FIB assisted etching using O3 or Qs.

(8) A photosensitive resin or a resin which is cross-
linked or decomposed by charged particles remained
after the step of performing the simultaneous removal is
removed by using a stripping solution.

(9) After the step of performing the simultaneous
removal using the charged particle beam, the damaged
layer of the substrate surface is removed.

(10) After the step of performing the simultaneous
removal using the charged particle beam, the damaged
layer of the substrate surface is removed by assisted
etching using a gas containing at least XeF; or thermal
etching using a laser beam.

(11) The buried layer and the substrate consist of the
same material.

(12) The material of the buried layer has the same
optical characteristics as those of the substrate material,
and more particularly, the same transmittance and re-
fractive index as those of the substrate material.

(13) The divot defect is buried in two or more stages.

(14) The divot defect is buried by assisted deposition
using a charged particle beam (FIB or electron beam).

(15) The gas containing an Si-O bond and/or an Si-H
bond 1n the assisted deposition for burying the recessed
defect 1s 1,3,5,7-tetramethylcyclotetrasiloxane. The gas
containing an oxygen element is oxygen, ozone, or
N>O. The FIB is a Ga or Si beam.

(16) In the assisted deposition for burying the re-
cessed defect, a gas containing an Si-N bond and/or an
Si-H bond or a gas containing nitrogen as a main com-
ponent 1s used. This gas containing a nitrogen element is
nitrogen or amrmonia.

Additional objects and advantages of the invention
will be set forth in the description which follows, and in
part will be obvious from the description, or may be
learned by practice of the invention. The objects and
advantages of the invention may be realized and ob-
tained by means of the instrumentalities and combina-
tions particularly pointed out in the appended claims.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings, which are incorpo-
rated 1n and constitute a part of the specification, illus-
trate presently preferred embodiments of the invention,
and together with the general description given above
and the detailed description of the preferred embodi-
ments given below, serve to explain the principles of the
invention.

FIG. 1 1s a schematic view showing the arrangement
of an FIB apparatus used in a method according to an
example of the present invention;

FIGS. 2A-1 to 2B-6 are views showing a shifter bump
defect repairing process according to Example 1 of the
present invention;

FIG. 3 is a graph showing a measurement result of a
flat property obtained by two-stage film deposition;

FIG. 4 1s a graph showing an FIB acceleration-volt-
age dependency of a ratio of the etching rate of a carbon
film to the etching rate of an SiO> film;

FIG. 5 1s a graph showing a processing time depen-
dency of a sputtering yield of a quartz substrate using a
Ga FIB;

FIG. 6 is a graph showing a processing time depen-
dency of an etching yield of %he quartz substrate using
FIB assisted etching;
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F1GS. 7A to 7G are sectional views showing a repair-
ing process of a divot defect of a shifter according to
Example 1;

FIGS. 8A to 8C are sectional views for explaining
shapes of an SiO» film buried in a divot defect;

FIGS. 9A to 9C are sectional views showing another
example of an S10; film buried in a divot defect;

FIGS. 10A-1 to 10B-8 are views showing a repairing
process of a divot defect at a shifter edge portion of a
shifter-edge type phase shift mask according to Exam-
ple 3;

FIGS. 11A and 11B are views showing a repairing
process of a bump defect at a shifter edge portion of a
shifter edge type phase shift mask according to Exam-
ple 4;

FIGS. 12A to 12F are sectional views showing a
two-stage repairing process of an indefinite-shaped
bump defect of a phase shifter according to Example 5;

FIGS. 13A to 13C are sectional views for explaining
problems in flattening the indefinite-shaped projecting
defect;

FIGS. 14A to 14D are sectional views showing a
multi-stage repairing process of an indefinite-shaped
bump defect of a phase shifter according to Example 5;

FIGS. 15A to 15H are sectional views showing a
two-stage repairing process of an indefinite-shaped
divot defect of a phase shifter according to Example 6;

FIGS. 16A to 16D are sectional views showing a
multi-stage repairing process of an indefinite-shaped
divot defect of a phase shifter according to Example 6;

FIG. 17 1s a graph for explaining Example 7, showing
a change in transmittance of an SiO; film after and be-
fore annealing; |

FIGS. 18A to 18G are sectional views showing a
repairing process of a divot defect of a shifter according
to Example &;

FIGS. 19A to 19C are sectional views for explaining
the shapes of an SiO; film buried in a divot defect;

FIGS. 20A to 20C are sectional views showing an-
other example of an SiO; film buried in a recessed de-
fect;

FIG. 21 1s a graph showing a Gat-ion energy depen-
dency of the transmittance of an SiO; deposition film on
light having a wavelength of 248 nm;

FIG. 22 1s a graph showing a relationship between a
beam current density and a transmittance of the depos-
ited S10; film for KrF light (wavelength: 248 nm);

FIG. 23 1s a graph showing a relationship between an
ion energy of each transmittance for KrF light (wave-
length: 248 nm) and an O; partial pressure ratio;

FIG. 24 1s a view two-dimensional illustrating the
structure of SiO; in a glass state;

FIGS. 25A and 25B are views illustrating the mole-
cule structures of TMCTS and OMCTS;

FIGS. 26 and 28 are graphs each showing a relation-
ship between an etching rate and an O; partial pressure;

FIGS. 27 and 29 are graphs each showing a relation-
ship between a light transmittance and an O; partial
pressure;

FIG. 30 1s a2 graph showing a relationship between an
etching rate and an O+ Oj3 partial pressure; and

FIG. 31 is a graph showing a relationship between a
light transmittance and an O34 O3 partial pressure.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

A bump defect repairing process according to the
present invention has the following characteristic fea-
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tures. A {lat film 1s deposited on a projecting defect, the
deposition film and bump defect are simultaneously
etched using an FIB at the same etching rate, and the
inflection point of a ratio of secondary ions discharged
from the deposition film and the bump defect during the
etching is detected, thereby determining the end point
of the processing.

In this case, when the film deposited on the bump
defect is not flat, a surface shape obtained after the
bump defect and the deposition film are simultaneously
etched depends on the shape of the deposition film, and
the bump defect cannot be repaired to be flat. For this
reason, according to the present invention, when a film
1s to be deposited on the bump defect, a two-stage depo-
sition 1s performed. That 1s, a first thin film is deposited
on a substrate to have a predetermined interval from the
projecting defect so as to easily obtain the flat upper
surface of the film covering the bump defect, and a
second thin film 1s deposited to cover the bump defect
and the first thin fiim. -

A divot defect repairing process according to the
present invention has the following characteristic fea-
tures. That 1s, a material to be buried is deposited de-
pending on the shape of the divot defect to project
slightly higher than the divot defect, and then the above
bump defect repairing process can be applied.

In this manner, when the defect repairing process
according to the present invention is applied, a bump or
divot defect can be repaired to be flat at the same level
as that of the substrate surface. The defect repairing
process can be very effectively applied to defect repair
of, e.g., a phase shift mask.

‘The details of the present invention will be described
below with reference to examples shown in the accom-
panying drawings.

EXAMPLE 1

In Example 1, a method of repairing a projecting
defect of a silicon oxide formed on a mask substrate of
a phase shift mask will be described.

A bump defect repairing process has the following
characteristic features. That is, a flat film is deposited on
a bump defect using an FIB apparatus, the deposition
film and the bump defect are simultaneously etched
using an FIB at the same etching rate, and the end point

of the processing is determined by detecting the inflec-
tion point of a ratio of secondary ions discharged from
the bump defect to those from the deposition film dur-
ing the etching. Therefore, if the film deposited on the
bump defect is not flat, a surface shape obtained after
the bump defect and the deposition film are simulta-
neously etched depends on the shape of the deposition
film, so the projecting defect cannot be repaired to be
flat. For this reason, it is important in the process to
deposit the flattening film.

FIG. 1 shows the arrangement of the FIB apparatus
used in the method according to Example 1. This appa-
ratus has a known arrangement. That is, reference nu-
meral 1 denotes an ion source; 2, a magnifying lens; 3, a
mass separation mechanism; 4, a deflector; 5, an objec-
tive lens; 6, a charge neutralizer; 7, a secondary ion
Inspection system; 8, a sample; 9, a sample stage; 11, gas
bombs; 12, a capacitance manometer; and 13, a nozzle.

FIGS. 2A-1 to 2B-6 and FIG. 3 show process flows
for repairing a bump defect 102 of a phase shifter
formed on a quartz substrate 101. FIGS. 2A-1 to 2A-6

are sectional views, and FIGS. 2B-1 to 2B-6 are plan
VIEWS.
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As shown in FIGS. 2A-1 and 2B-1, a phase shift mask
1S e.g., a transparent phase-shifting mask obtained by
forming a phase shifter pattern 103 consisting of a sili-
con oxide on, the quartz substrate 101. A thickness t of
the phase shifter for inverting a phase i1s an odd-number
multiple of t=A/{2(n— 1)) where A is the wavelength of
an exposure light source and n is a refractive index. In
this case, KrF is used as a light source (A=248 nm), and
a silicon oxide film (n=1.508) is used as a phase shifter.
For this reason, t==244 nm 1is set.

A defect to be repaired i1s recognized using the FIB
apparatus shown in FIG. 1 on the basis of information
such as the size, shape (projection or recess), and posi-
tion of the defect obtained using a general defect inspec-
tion system. In this manner, assume that the bump de-
fect 102 is recognized.

After the defect is recognized, as shown in FIGS.
2A-2 and 2B-2, a first thin film 104 is deposited around
the bump defect 102 with a small interval to have a
doughnut shape at the same level as that of the bump
defect 102. For example, the first thin film 104 is formed
by assisted deposition such that a pyrene gas is decom-
posed at room temperature (25° C.), by a Ga FIB accel-
erated at 20 kV to deposit carbon (C). In this case, since
the first thin film 104 must be finally removed, the selec-
tion ratio of the first thin film 104 to the substrate 101
must be sufficiently high.

As shown i FIG. 2A-3 and FIG. 2B-3, a second
deposition film 105 1s formed in a region covering the
bump defect 102 and the first thin film 104. The forma-
tion of the second deposition film 105 is performed by
assisted deposition as in the formation of the first thin
fiim 104. |

In this case, an interval x between the projecting
defect 102 and the first thin film 104 and a depth y of a
recessed portion have a relationship shown in FIG. 3.
That 1s, the smaller the interval x is, the smaller the
depth y 1s because of the following reason. That is, in
assisted deposition using an ion beam and a gas, since
deposition is enhanced by ions and secondary electrons
multiple-scattered in the narrow groove, the deposition
rate in the groove becomes higher than that on the
bump defect 102 or the first thin film 104 so as to de-
crease the depth y, thereby obtaining a flat film. Note
that, in the two-stage carbon film deposition method,
when a bump defect is small, or a pattern is close to a
defect to be repaired, only one-stage carbon film deposi-
tion may be performed.

As shown in FIGS. 2A-4 and 2B-4, the flat films (104
and 105) deposited as described above and the project-
ing defect 102 are etched back at the same rate (after
flattening, the flattening films and an object to be etched
are simultaneously etched). For example, when the
carbon films 104 and 105 deposited using the pyrene gas
and the above Ga focused ion beam having an accelera-
tion voltage of 20 kV and the bump defect 102 formed
by a silicon oxide film are sputter-etched by a Ga FIB at
room temperature, as shown in FIG. 4, an etching rate
ratio of C/S10; 1s changed depending on the accelera-
tion voltage of the Ga FIB. When the acceleration
voltage is about 30 kV, the etching rate ratio of C/Si03
1s 1. Therefore, a region slightly larger than the bump
defect 102 1s raster-scanned using a beam 106 narrowly
focused under the above conditions, so that the carbon
and Si0; can be simultaneously etched at the same etch-
Ing rate.

When a ratio of secondary ions of carbon to those of
S1 generated in the above processing is measured using
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a mass spectrometer 107, the ratio of secondary ions of
C/S1 1s considerably changed immediately after the
carbon around the bump defect 102 in the beam-
scanned region disappears. For this reason, it is deter-
mined that the bump defect 102 is etched to the same
level as that of the surface of the quartz substrate 101.
The end point of the processing can be detected from a
ratio of secondary ions of C/0, in place of the ratio of
secondary 1ons of C/Si. The method of determining the
end point of the processing by measuring secondary
ions is disclosed in Jpn. Pat. Appln. KOKAI Publica-
tion No. 58-106750. It is also possible to recognize the
interface between C and SiO; by detecting the second-
ary 10ns.

However, 1 the sputter-processing using the Ga FIB,
a damaged layer 108 having a depth of about 15 nm is
left on the surface of the processed substrate 101 to
decrease the transmittance to light used in exposure.
For this reason, upon completion of removal of the
bump defect 102, as shown in FIGS. 2A-5 and 2B-5, the
damaged layer 108 is assisted-etched at room tempera-
ture using an XeF; gas and the Ga FIB. In the assisted
etching using this gas, since no damaged layer is
formed, the damaged layer 108 can be removed. When
a sample temperature is lower than the room tempera-
ture, adsorption of the gas is enhanced, so that etching
i1s more effectively performed. Although a recessed
portion having a depth of about 15 nm is formed by the
processing, the recessed portion having such a depth is
not transferred to a wafer and does not adversely affect
the pattern around the recessed portion. Note that, even
when an electron beam is used in place of the Ga FIB,
assisted etching can be performed in the same manner as
described above.

Finally, as shown in FIGS. 2A-6 and 2B-6, carbon
left around the bump defect after the bump defect is
removed i1s removed by an Oj plasma asher. For exam-
ple, when an O; gas flows into a chamber to keep the
pressure of the chamber at 0.9 Torr, and ashing is per-
formed by applying an RF power of 500 W, the carbon
can be removed without any damage. The removal of
carbon can be performed by not only the O; plasma
asher but also CDE (chemical dry etching) using an O
gas or an O3 gas containing CF4. Furthermore, the
removal of carbon can be effectively performed by
keeping the substrate temperature at 150° to 400° C. In
addition, the removal of carbon can also be performed
by laser beam irradiation and FIB irradiation in an Oz or
O3 atmosphere.

The removal of the remaining carbon can be more
efficiently performed at once after all defects are re-
paired. The two last steps, i.e., the step of removing
carbon and the step of removing a damaged layer may
be performed in a reverse order.

The step formed on the substrate surface when the
bump defect is repaired using the above repairing pro-
cess will be discussed below. The height of the step
formed by the repair is obtained such that the thickness
of a projecting or recessed step De formed by a differ-
ence of the etching rates of the flattening film and the
defect 1s added to a sum of a recess amount y of the
flattening film and a recess amount Dy of the recessed
portion formed by removing the damaged layer. There-
fore, the height of the step formed as described above
must be naturally smaller than that of a step for generat-
ing a line width variation allowed in a transfer pattern.

An alternating aperture phase shift mask is taken as an
example, and 10% of a minimum resolution size 1s de-
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fined as an allowance. In this case, when the wave-
length is 248 nm, the minimum size is 0.25 um, the NA
of a stepper 1s 0.45, and a coherence factor o represent-
ing the coherency of an exposure wavelength 1s 0.3, the
height of the step is about 40 nm. When the wavelength
1s 365 nm, the minimum size is 0.35 nm, the NA of the
stepper is 0.46, and the coherence factor o representing
the coherency of the exposure wavelength is 0.3, the
height of the step i1s about 80 nm. That 1s, when the
height of the step is smaller than 80 nm, the transfer
performance of the phase shift mask is not adversely
affected. In other words, processing conditions of the
steps can be less strict until (y+Dy+De) reaches the
height of the step. More specifically, in the wavelength
of KrF, when y=10 nm and Dy=15 nm, the range of
the etching rate ratio can be widened (0.94 to 1.06) until
the height of the step De reaches a maximum of 15 nm.

In this manner, when a bump defect is repaired in
accordance with the repairing process flow of Example
1, the following effects can be obtained.

(1) Since the bump defect 102 is covered with flatten-
ing films (the first thin film 104 and the second deposi-
tion film 105) such that the area larger than that of the
bump defect 102 is covered, damage to the peripheral
portion of the defect region caused by Ga beam irradia-
tion during removal of the defect can be suppressed as
much as possible.

(2) When the flattening films (104 and 105) and the
bump defect 102 which consist of different materials are
simultaneously processed, and secondary ions dis-
charged from the flattening films (C) and the defect
(S103), a ratio of the secondary ions or the secondary
electrons are measured, the end point of the processing
can be easily detected.

(3) Since the bump defect 102 having a non-uniform
thickness is flattened using the flattening films (104 and
105), a flat shape can be easily obtained after the repair.

(4) The damaged layer 108 left on the substrate 101
can be easily removed by assisted etching using an
XeF> gas and a Ga FIB or electron beam.

(5) The carbon films (104 and 105) used to remove the
defect can be easily removed by an O; plasma asher
without any damage to other portions.

(6) Almost all process of repairing defects can be
done in a Ga FIB apparatus by changing the type of a
gas supplied into the apparatus. For this reason, defect
repair can be considerably efficiently performed.

Although the repairing process of a projection defect
has been described above, the repairing process is not
limited to Example 1.

In Example 1, although a carbon film deposited from
a pyrene gas is described above as a flattening material
covering a defect, a carbon film deposited from another
hydrocarbon gas or a tungsten film using w(CO)g may
be used. The coverage property of the tungsten film is
almost the same as that of a carbon film. When the
above two-stage deposition was performed at room
temperature using the tungsten film, a flat film having a
small recessed portion on its surface could be obtained
as m the carbon film. In addition, when a defect (SiO3)
and the tungsten film are to be simultaneously pro-
cessed, a point at which an etching rate ratio is 1 falls
within the range of acceleration voltages of a general
FIB apparatus.

As a flattening material covering a defect, not only a
film deposited by an F1B, but also a photosensitive resin
or a resin crosslinked or decomposed by charged parti-
cles. Such a resin 1s coated on a reticle by spin coating,
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and a laser beam, light focused using a slit, an FIB, or an
electron beam is applied to only a region including a
defect using a microscope or coordinates obtained in
the inspection step. The resultant structure is devel-
oped, thereby forming a flattening film. The first thin
fiim and the second thin film are formed by repeating
the above-described sequence of steps. The thickness of
either film is adjusted by changing the exposure (irradi-
ation) amount of the resist or the density of resist. It
suffices to form only one flattening film in the case
where the bump defect is small or in the case where a
pattern 1s located near the defect to repair. Thereafter,
it is possible to perform the same processing as that of
the carbon film which is deposited by an FIB using a
pyrene gas. The photosensitive resin, or the resin cross-
linked or decomposed by charged particles, can be
removed by suing a stripping solution such as a mixture
of sulfuric acid and hydrogen peroxide.

Although carbon and SiO; are simultaneously etched
by the Ga FIB in Example 1, etching can be performed
by assisted etching using a gas and an FIB or electron
beam. In this case, the etching rates of the deposition
film and a shifter can be controlled by properly select-
Ing a gas or combination of gases. In addition, when an
XeF; gas mixture is used as the gas, no damaged layer is
left on the substrate surface when the defect is removed,
the step of removing a damaged layer in the above
process flow can be omitted, and excessive etching need
not be performed. In this case, the point at which the
etching rate of SiO; is 1 is present within the general
acceleration voltage range, and an absolute etching rate
1s higher than that in sputter etching. For this reason, a
throughput can be increased.

In sputtering using a Ga FIB, a sputtering yield of,
e.g., a quartz substrate, becomes saturated over time
(FIG. 5) because the sputtered material is attached
again to the peripheral portion of the processed region
In sputtering, and the sputtering yield becomes satu-
rated over time. On the other hand, in assisted etching
using an XeF; gas and a Ga FIB or an electron beam,
the etching yield of the quartz substrate is always con-
stant (F1G. 6) because no sputtered material is attached
again, and excellent controllability of processing can be
advantageously obtained.

Although C left after the defect is removed is re-
moved by the O; asher in the above description, the C
may be removed by, e.g., a laser. This method utilizes
evaporation of carbon caused by absorbing a laser
beam. According to the method, when the laser beam is
narrowly focused using a slit and then irradiated on the
remaining carbon, a laser energy is absorbed by the
carbon to generate heat, the carbon is sublimed and
scattered. Furthermore, in this case, the laser energy is
also absorbed into the damaged layer, and the damaged
layer 1s removed together with the carbon. The two
steps of removing the remaining carbon and the dam-
aged layer are reduced to one step, and the repairing
process 1s more efficiently performed.

As another method, C reacts with O; or O3 by laser
irradiation in an Oz or O3 atmosphere, the carbon is
removed as CO and COa,. In this case, since chemical
reactions are used, the power of the laser can be de-
creased. There are conditions under which, even when
the laser 1s irradiated on a light-shielding material near
the defect, only the carbon can be removed without
evaporating the light-shielding material. Therefore,
degree of allowance of the diameter of the laser and
degree of allowance of positional adjustment are in-
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creased, and a process margin is advantageously in-
creased. In addition, when laser is used, pattern distor-
tion can be suppressed because heating can be locally
performed. When an FIB is used in place of the laser in
the O; or O3 atmosphere, the same effect as described
above can be expected. In this case, in order to obtain
the selection ratio of a substrate and carbon, lightweight
ions or an FIB having an acceleration energy of 10 keV
or less must be used.

Although deposition of carbon, simultaneous etching
of C and SiO, and removal of a damaged layer are
performed by a Ga FIB, an ion source is not limited to
the Ga FIB. For example, it is apparent that the process
in the above steps may be performed using another ion
source such as Au or Si.

In addition, various changes and modifications may
be effected without departing from the spirit and scope
of the invention.

Example 1 is a method of repairing the defect of a
phase-shifting mask utilizing a shifter edge. Nonethe-
less, the present invention can be used to repair the
defects of any other type of a phase-shifting masks, such
as an alternating aperture phase-shifting mask, an atten-
uated phase-shitting mask, or the like. Moreover, the
present invention can be employed to repair the defects
of ordinary Cr masks and X-ray masks.

EXAMPLE 2

In Example 2, a method of repairing a recessed defect
of a shifter will be described below in detail with refer-
ence to FIGS. 7A to 7G. A defect to be repaired is
recognized using an FIB apparatus on the basis of infor-
mation such as the size, shape (projection or recess),
position of a defect detected using a general defect
inspection system. As shown in FIG. 7A, after a divot
detect 202 is recognized in a phase shifter 201, while a
gas having S1-O bonds and/or Si-H bonds or a gas mix-
ture containing the gas, 1.e., a gas mixture 204 of 1,3,5,7-
tetramethylcyclotetrasiloxane and oxygen (mixing rati-
o==1:7) 1s sprayed from a nozzle 203 on the divot defect
202, an Si¢+ FIB 205 having an acceleration energy of
50 keV 1s irradiated on a region slightly larger than the
divot defect 202. In this manner, as shown in FIG. 7B,
an S10; film 206 (buried material) projecting higher
than the surface of the shifter 201 is deposited. The
diameter of the nozzle used in this case was 0.2 mm, and
the pressure of the capacitance manometer shown in
FIG. 1 was 4 Torr. At this time, the total flow rate of
the gas at the outlet port of the nozzle was 0.05 scem.

The S10; film deposited as described above and hav-
ing a thickness of 0.4 um has a transmittance of 100% to
light having a wavelength of 436 nm, and the transmit-
tance of a film (Si0Oy) deposited using a conventional
gas mixture of tetramethoxysilane and oxygen is 40%.
When these transmittances are compared with each
other, the SiO; film of Example 2 has excellent optical
characteristics. In addition, the SiO; film deposited by
the method of Example 2 has a transmittance of 90.6%
to light (light used in an alternating aperture phase shift
mask method) having a wavelength of 248 nm. This
value 1s larger than a transmittance (80.6%) required to
repair a divot defect.

Note that, when the transmittance of the deposition
film must be increased, the following post-processing
may be performed. After the film is deposited, UV light
having a power density of 200 mW/cm? on the surface
of the deposition film is irradiated on the deposition film
for 1 hour. When the film is deposited while UV light is
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irradiated in place of the UV light processing, the depo-
sition film having the same transmittance as described
above can be obtained. In addition, when the deposition
film is annealed at 350° C. in an O3 atmosphere for 1
hour, the same effect as described above can be ob-
tained.

In this case, the two types of gases may be sprayed
from different nozzles, and a gas such as N>OQ or ozone
containing oxygen atoms as a main component may be

used In place of the oxygen gas. The mixing ratio of 10

gases 18 not limited to 1:7, and a mixing ratio at which
the divot defect is buried with a transparent deposit to
have an excellent shape is selected depending on the gas
species and the ion species and energy of the FIB which
are used 1 the deposition. For example, when TEOS
(tetraethoxysilane) is used, a “cavity” is formed in the
deposit at room temperature. However, when a mask
temperature 1s decreased to about —70° C., the recessed
defect can be buried without forming a “cavity”. The
energy and ion species of the FIB are not limited to the
Si2+ FIB having an acceleration energy of 50 keV, and
another energy and ion species such as a Ga+ FIB hav-
ing an acceleration energy of 25 keV can be selected. In
addition, an electron beam may be used in place of the
FIB.

However, when a charge neutralizer is arranged near
the gas nozzle, and radiant heat from an electron dis-
charging filament in the neutralizer adversely affects
the gas, a black contaminant consisting of carbon is
attached on the mask substrate. Therefore, the charge
neutralizer is preferably arranged apart from the gas
nozzle.

As shown in FIG. 7C, a first thin film 207 is deposited
around the projecting portion of the SiO; film 206 with
a small interval to have a doughnut shape at the same
level as that of the SiO; film 206. For example, the first
thin film 207 is formed by assisted deposition in which
carbon (C) 1s deposited by decomposing a pyrene gas
using a Ga focused ion beam accelerated to 20 keV.

As shown in FIG. 7D, a second deposition film 208 is
formed in a region covering the projecting portion of
the S10; film 206 and the first thin film 207. At this time,
an interval x between the projecting portion of the SiO»
film and the first thin film 207 and a depth y of a re-
cessed portion formed in the surface of the second de-
position film 208 when the second deposition film 208 is
deposited to have a thickness of 1.0 um have a relation-
ship shown in FIG. 3. That is, the smaller the interval x
1s, the smaller the depth y is because of the following
reason. That is, in assisted deposition using an ion beam
and a gas, since deposition is enhanced by ions and
secondary electrons multiple-scattered in the narrow
groove, the deposition rate in the groove becomes
higher than that on the projecting portion of the SiO;
film 206 or the first deposition film 207 so as to decrease
the depth y, thereby obtaining a flat film.

As shown in FIG. 7E, the flat films (207 and 208)
deposited as described above and the projecting portion
of the S10; film 206 are simultaneously etched at the

same rate. For example, when the projecting portion of 60

the S10; film 206 and the carbon films (207 and 208)
depostted using the 20-keV Ga focused ion beam and
the pyrene gas are to be sputter-etched by a Ga FIB, as
shown in FIG. 4, an etching rate ratio of C/SiO; is

changed depending on the acceleration voltage of the 65

Ga FIB. When the acceleration voltage is about 30 kV,
the etching rate ratio of C/SiO; becomes about 1.
Therefore, a region slightly larger than the projecting

15

20

25

30

35

40

45

50

55

12

portion 1s raster-scanned using a beam 209 narrowly
focused under the above conditions, so that the carbon
and Si0O; can be simultaneously etched at the same etch-
ing rate.

When a ratio of secondary ions of carbon to those of
S1 generated in the above processing is measured using
a mass spectrometer 210, the ratio of secondary 1ons of
C/S1 1s considerably changed immediately after the
carbon around the projecting portion of the S10; film
206 in the beam-scanned region disappears. For this
reason, it is determined that the projecting portion of
the Si10; film 206 is etched to the same level as that of
the surface of the shifter 201. The end point of the pro-
cessing can be detected from a ratio of secondary ions
of C/0 in place of the ratio of secondary ions of C/Si.
The method of determining the end point of the pro-
cessing by measuring secondary ions is disclosed in Jpn.
Pat. Appln. KOKAI Publication No. 58-106750, it is
also possible to recognize the interface between C and
S10; by detecting the secondary ions.

However, in the sputter-processing using the Ga FIB,
a damaged layer 211 having a depth of about 15 nm is
left on the surface of the processed substrate to decrease
the transmittance to light used in exposure. For this
reason, upon completion of removal of the projecting
portion of the SiO; film 206, as shown in FIG. 7F, the
damaged layer 211 is assisted-etched using, e.g., an
XeF, gas and the Ga FIB. In the assisted etching using
this gas, since no damaged layer 211 is left, the damaged
layer 211 can be removed. Although a recessed portion
having a depth of about 15 nm is formed by the process-
ing, the recessed portion having such a depth is not
transferred to a wafer and does not adversely affect the
pattern around the recessed portion.

Finally, as shown in FIG. 7G, carbon left around the
projecting portion after the projecting portion of the
S10; film 206 is removed is removed by an O; plasma
asher. For example, when an O gas flows into a cham-
ber to keep the pressure of the chamber at 0.9 Torr, and
ashing is performed by applying an RF power of 500 W,
the carbon can be removed without any damage. The
removal of carbon can be performed by not only the O3
plasma asher but also CDE using an O3 gas or an O; gas
containing CF4. Furthermore, the removal of carbon
can be effectively performed by keeping the substrate
temperature at 150° to 400° C. In addition, the removal
of carbon can also be performed by laser beam irradia-
tion and FIB irradiation in an O; or O3 atmosphere.

‘The removal of remaining carbon can be more effi-
ciently performed at once after all defects are repaired.
The last two steps, i.e., the step of removing carbon and
the step of removing a damaged layer may be per-
formed in a reverse order.

In this manner, when the divot defect is repaired in
accordance with the repairing process flow of Example
2, the following effects can be obtained.

(1) Since the divot defect 202 need not be buried with
the Si10; film 206 depending on the shape of the recessed
portion, the process is considerably simplified.

(2) Since the projecting portion formed by burying
the divot defect 202 is covered with the flattening film
(207 and 208) such that a region larger than that of the
projecting portion is covered, when the projecting por-
tion is removed, damage to the peripheral portion of the
defect caused by Ga beam irradiation can be suppressed
as much as possible.

(3) The flattening films (207 and 208) and the SiO>
film 206 which consist of different materials are simulta-
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neously processed, and secondary ions discharged from
the flattening films (C) and the projecting portion
(S107) or a ratio of the secondary ions or secondary
electrons are measured. For this reason, the end point of
the processing of the projecting portion can be easily
detected.
- {(4) Since the projecting portion having a non-uniform
thickness is flattened using the flattening films (207 and
208), the repaired surface is easily flattened.

(5) The damaged layer 211 left on the surface of the
divot defect which is repaired can be easily removed by
assisted etching using an XeF; gas and a Ga FIB.

(6) The carbon films (207 and 208) used to repair the
defect can be easily removed by an O; plasma asher
without any damage to other portions.

(7) Almost all process of repairing defects can be
done 1n a Ga FIB apparatus by changing the type of a
gas supplied into the apparatus. For this reason, defect
repair can be considerably efficiently performed.

Although the repairing process of the divot defect
has been described above. the repairing process is not
Immited to Example 2.

In Example 2, although a carbon film deposited from
a pyrene gas 1s described above as a a flattening material
covering a projecting portion left after the divot defect
1s buried with Si10;, a carbon film deposited from an-
other hydrocarbon gas or a tungsten film using, e.g.,
W(CO)s, may be used. The coverage property of the
tungsten film 1s aimost the same as that of a carbon film.
When the above two-stage deposition was performed
using the tungsten film, a flat film having a small re-
cessed portion in its surface could be obtained as in the
carbon film. In addition. when a projecting portion
(Si07) and the tungsten film are simultaneously pro-
cessed, a point at which an etching rate ratio is 1 falls
within the range of acceleration voltage of a general
FIB apparatus.

Furthermore, the material for converting the projec-
tion defect is not limited to a film deposited by using an
FIB. Use may be made of photosensitive resin or resin
which is crosslinked or decomposed by charged parti-
cles. After spin-coating the resin of either type on the
reticule, a laser beam,-a light beam focused by using a
shit, an FIB or an electron beam is applied to only the
region mcluding the target defect, by using either a
microscope or the coordinates obtained in the inspec-
tion step. The, the resultant structure is developed,
thereby forming a flattening film. The first thin film and
the second thin film are formed by repeating the above-
described sequence of steps. The thickness of either film
1s adjusted by changing the exposure (irradiation
amount of the resist or the density of resist. In the case
where the bump defect is small or in the case where a
pattern 1s located near the defect to repair, it suffices to
form only one flattening film. Thereafter, it is possible
to perform the same processing as that of the carbon
film which 1s deposited by an FIB using a pyrene gas.
The photosensitive resin, or the resin crosslinked or
decomposed by charged particles, can be removed by
using stripping solution such as a mixture of sulfuric
acid and hydrogen peroxide.

Simultaneous etching of C and SiO; can be modified
as 1 Example 1. In addition, removal of flattening film
left after the projecting portion is removed can be modi-
fied as in Example 1. In addition, deposition of carbon,
simultaneous etching of C and SiO,, and an ion source

used for removing the damaged layer can be modified
as in Exampie 1.
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Although the shape of the divot defect is not de-
scribed 1n the above process, some steps of the process
can be omitted depending on the shape. That is, a divot
defect having a large aspect ratio is to be repaired, the
deposition shape of S10; using 1,3,5,7-tetramethylcy-
clotetrasiloxane is as shown in FIG. 8A. In this case,
since a height x of the projecting portion falls within the
range of the height of an allowable step in defect repair,
the steps from FIG. 7C need not be performed.

In contrast to this, when each of defects shown In
FIGS. 8B and 8C is to be repaired, the depth of the
recessed portion of the surface obtained after SiQO; is
deposited does not fall within the range of the thickness
of an allowable step in defect repair. For this reason, ali
the steps shown 1 FIGS. 7A to 7G must be performed.
In addition, 1n a case of the defect shown in FIG. 8C, as
shown in FIGS. 9A to 9C, Si0O; is deposited in the
recessed portion with a small interval from the side wall
of the recessed portion, and Si0; is deposited in a region
completely covering the defect, thereby obtaining de-
position having a small difference between the peak and
bottom levels on the deposition surface. In this manner,
as described above, the steps from FIG. 7C may not be
performed.

Although the divot defect is buried with a silicon
oxide film in Example 2, the buried material is not lim-
ited to the silicon oxide. The buried material must be
selected depending on the material of a shifter. When
silicon nitride, chromium oxide, or the like is used, the
above repair can be performed in the same manner as
described above.

In addition, various changes and modifications may
be effected without departing from the spirit and scope
of the invention.

EXAMPLE 3

In Example 3, a method of repairing a recessed defect
at a shifter edge portion of a transparent phase shift
mask will be described with reference to FIGS. 10A-1
to 10A-8. In this case, FIGS. 10A-1 to 10A-8 are sec-
tional views, and FIGS. 10B-1 to 10B-8 are plan views.

A defect to be repaired is recognized using an FIB
apparatus on the basis of information such as the size,
shape (projection or recess), position of a defect de-
tected using a general defect inspection system. As
shown in FIGS. 10A-1 and 10B-1, after a divot defect
303 1s recognized at an edge portion of a phase shifter
302 formed on an Si0; substrate 301, while a gas having
S1-O bonds and/or a gas having Si-H bonds or a gas
mixture containing the gas, i.e., a gas mixture 305 of
1,3,5,7-tetramethylcyclotetrasiloxane and oxygen (mix-
ing ratio=1:7) is sprayed froth a nozzle 304 on the divot
defect 303, an Si’+ FIB 306 having an acceleration
energy of 50 keV is irradiated on a region slightly larger
than the divot defect. In this manner, as shown in FIGS.
10A-2 and 10B-2, projecting SiO> 307 is deposited in a
region larger than that of the recessed defect 303.

In this case, the two types of gases may be sprayed
from different nozzles, and a gas such as N»O or ozone
containing oxygen atoms as a main component may be
used in place of the oxygen gas. The mixing ratio of
gases 1s not limited to 1:7, and a mixing ratio at which
the deposit is transparent is selected depending on the
gas species and the ion species and energy of the FIB
which are used in the deposition. The energy and ion
species of the FIB are not limited to the Si2+ FIB hav-
Ing an acceleration energy of 50 keV, and another en-
ergy and ion species such as a Ga+ FIB having an accel-
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eration energy of 25 keV can be selected. In addition, an
electron beam may be used in place of the FIB.

As shown in FIGS. 10A-3 and 10B-3, first thin films
(carbon films) 308 and 308’ are deposited by a carbon
film deposition method using an FIB. At this time, each 5
interval between the projecting SiO; 307 and the first
carbon films 208 and 308’ is set to be 0.4 um or less.

As shown in FIGS. 10A4 and 10B-4, a second thin
film (carbon film) 309 is deposited on the projecting
S10, 307 and the first thin films 308 and 308’ in the same 10
manner as described above. The thickness of the carbon
film 309 is about 1 um. In this manner, the surface of the
second carbon film 309 is flattened.

As shown in FIGS. 10A-5 and 10B-5, the flat film 309
deposited as described above and the projection 307 are 15
simultaneously etched at the same rate. For example,
when the carbon films 308, 308’, and 309 deposited
using the 20-keV Ga focused ion beam and a pyrene gas
and the projection 307 formed by a silicon oxide film are
sputter-etched by a Ga FIB, as shown in FIG. 4, an 20
etching rate ratio of C/SiO; is changed depending on
the acceleration voltage of the Ga FIB. When the accel-
eration voltage is about 30 kV, the etching rate ratio is
about 1. Therefore, a region slightly larger than the
projection 307 is raster-scanned using a beam 310 nar- 25
rowly focused under the above conditions, so that the
carbon and SiO; can be simultaneously etched at the
same etching rate.

When a ratio of secondary ions of carbon to those of
S1 generated in the above processing is measured using 30
a mass spectrometer 311, the ratio of secondary ions of
C/381 1s considerably changed immediately after the
carbon around the bump defect in the beam-scanned
region disappears. For this reason, it is determined that
the projection 307 is etched at the same level as that of 35
the surface of the shifter 302.

An unnecessary projection formed by repairing the
divot defect at an edge portion must be removed con-
forming to the edge. An edge position is detected using
an FIB. A beam-scan region is determined such that an 40
$10; 313 projecting from the extended line of the edge
portion can be entirely removed. One side of the scan
region 1s aligned with the edge position, and the region
1s raster-scanned by a narrowly focused beam, so that
the projection 313, i.e., carbon and SiQ; are simulta- 45
neously etched at the same etching rate. The end point
of the processing of the projection 313 is determined
such that the ratio of secondary ions of carbon to those
of S1 generated during the processing is measured using
a mass spectrometer. That is, immediately after carbon 50
around the projection 313 in the beam-scan region dis-
appears, the ration of the secondary ions of C/Si is
considerably changed. For this reason, it is determined
that the projection 313 is etched at the same level as that
of the surface of the quartz substrate 301. The end point 55
of the processing can be detected from a ratio of sec-
ondary 1ons of C/O, in place of the ratio of secondary
1ions of C/S1. The method of determining the end point
of the processing by measuring secondary ions is dis-
closed in Jpn. Pat. Appln. KOKAI Publication No. 60
58-106750. It is also possible to recognize the interface
between C and S10; by detecting the secondary ions.

However, in sputter-processing using a Ga FIB, a
damaged layer 312 having a depth of about 15 nm is left
on the processed substrate surface to decrease the trans- 65
‘mittance for light used in exposure. For this reason,
upon completion of the removal of the projections 307
and 313, the damaged layer 312 is assisted-etched using,
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e.g., an XelF> and a Ga FIB. In the assisted etching using
the gas, since no damaged layer is left, the damaged
layer 312 can be removed. Although a recessed portion
having a depth of about 15 nm is formed by the process-
ing, the recessed portion having such a depth is not
transterred to a wafer and does not adversely affect the
pattern around the recessed portion.

Finally, as shown in FIGS. 10A-8 and 10B-8, carbon
left around the projections 307 and 31B after the projec-
tions are removed 1s removed by an O; plasma asher.
For example, when an O; gas flows into a chamber to
keep the pressure of the chamber at 0.9 Torr, and ashing
is performed by applying an RF power of 500 W, the
carbon can be removed without any damage. The re-
moval of carbon can be performed by not only the O»
plasma asher but also CDE using an O3 gas or an O3 gas
containing CF4. Note that the removal of remaining
carbon can be more efficiently performed at once after
all defects are repaired. The last two steps, i.e., the step
of removing carbon and the step of removing a dam-
aged layer may be performed in a reverse order. In
addition, the removal of carbon can be more effectively
performed by keeping the substrate temperature at 150°
to 400° C. The removal of carbon can also be performed
by laser beam irradiation and FIB irradiation in an O» or
O3 atmosphere.

In this manner, when a divot defect is repaired in
accordance with the repairing process flow of Example
3, the following effects can be obtained.

(1) Since the divot defect 302 need not be buried with
S10; depending on the shape of the recessed portion,
the process is considerably simplified.

(2) Since the projection 307 formed by burying the
divot defect 302 i1s covered with flattening films (the
first carbon film 308 and the second C film 309) such
that a region larger than that of the projection is cov-
ered, when the projection is removed, damage to the
peripheral portion of the defect region caused by Ga
beam irradiation can be suppressed as much as possible.

(3) The flattening films (308 and 309) and the projec-
tion 307 which consist of different materials are simulta-
neously processed, and secondary ions discharged from
the flattening films (C) and the projection (SiO;) or a
ratio of the secondary ions is measured. For this reason,
the end point of the processing of the projection can be
easily detected.

(4) Since the projection 307 having a non-uniform
thickness is flattened using the flattening films (308 and
309), the repaired surface is easily flattened.

(5) The damaged layer 312 left on the surface of the
divot defect which is repaired can be easily removed by
assisted etching using an XeF> gas and a Ga FIB.

(6) The carbon films used to repair the defect can be
easlly removed by the O; plasma asher without any
damage to other portions. _

(7) Almost all process of repairing defects can be
done 1 a Ga FIB apparatus by changing the type of a
gas supplied into the apparatus. For this reason, defect
repair can be considerably efficiently performed.

Although the repairing process of a recessed defect
has been described above, the repairing process is not
limited to Example 3. |

In Example 3, although a carbon film deposited a
pyrene gas 1s described above as a flattening material
covering a projecting portion left after the divot defect
is buried with SiO,, a carbon film deposited from an-
other hydrocarbon gas or a tungsten film using, e.g.,
W(CO)¢, may be used. The coverage property of the
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tungsten {1lm 1s almost the same as that of a carbon film.
When the above two-stage deposition was performed
using the tungsten film, a flat film having a small re-
cessed portion on its surface could be obtained as in the
carbon film. In addition, when a defect (SiO,) and the
tungsten film are simultaneously processed, a point at
which an etching rate ratio is 1 falls within the range of
acceleration voltages of a general FIB apparatus.

Furthermore, the material for covering the projec-
tion defect is not limited to a film deposited by using an
FIB. Use may be made of photosensitive resin or resin
which 18 crosslinked or decomposed by charged parti-
cies. After spin-coating the resin of either type on the
reticule, a laser beam, a light beam focused by using a
slit, an FIB or an electron beam is applied to only the
region including the target defect, by using either a
microscope or the coordinates obtained in the inspec-
tion step. The, the resultant structure is developed,
thereby forming a flattening film. The first thin film and
the second thin film are formed by repeating the above-
described sequence of steps. The thickness of either film
1s adjusted by changing the exposure (irradiation
amount of the resist or the density of resist. In the case
where the bump defect is small or in the case where a
pattern is located near the defect to repair, it suffices to
form only one flattening film. Thereafter, it is possible
to perform the same processing as that of the carbon
film which is deposited by an FIB using a pyrene gas.
The photosensitive resin, or the resin crosslinked or
decomposed by charged particles, can be removed by
using stripping solution such as a mixture of sulfuric
acid and hydrogen peroxide.

Simultaneous etching of C and SiO; can be modified
as 1n Example 1. In addition, removal of carbon left
after the projecting portion is removed can be modified
as iIn Example 1. In addition, deposition of carbon, si-
multaneous etching of C and SiO,, and an ion source
used for removing the damaged layer can be modified
as in Example 1.

Although the divot defect is buried with a silicon
oxide film in Example 3, the buried material is not lim-
ited to the silicon oxide. The buried material must be
selected depending on the material of a shifter. When
silicon nitride, chromium oxide, or the like is used, the
above repair can be performed in the same manner as
described above.

In addition, various changes and modifications may

be effected without departing from the spirit and scope
of the invention.

EXAMPLE 4

In Example 4, a method of repairing a projecting
defect at a shifter edge portion of a transparent phase
shift mask will be described with reference to FIGS.
11A and 11B. In this case, FIG. 11A is a sectional view,
and FIG. 11B is a plan view. Reference numeral 401
denotes a substrate; 402, a phase shifter; 403, a bump
defect.

A defect to be repaired is recognized using an FIB
apparatus on the basis of information such as the size,
shape (projection or recess), position of a defect de-
tected using a general defect inspection system. In this
case, since the defect projects from an edge, the state
shown in FIGS. 11A and 11B, corresponds to the state
upon compietion of the step of the repair method shown
in FIGS. 10A-2 and 10B-2. Therefore, when the process
1s performed in accordance with the steps from FIGS.
10A-2 and 10B-2, repair of the bump defect at the edge
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portion is completed. When the defect which projects
from the edge and has a thickness smaller than that of
the shifter, the steps shown in FIGS. 10A-5 and 10B-5
can be omitted of the steps sequential to the step shown
in FIGS. 10A- 3 and 10B-3.

EXAMPLE 5

In Example 5, a method of repairing an indefinite-
shaped bump defect having no rectangular prism and
consisting of a silicon oxide produced on a mask sub-
strate of a phase shift mask will be described below.
Such a defect is caused by attachment of the dust or
remaining resist in etching, pin holes, or the like. A
large number of defects are formed.

A bump defect repairing process has the following
characteristic features. That is, a flat film is deposited on
a bump defect using an FIB apparatus, the deposition
film and the bump defect are simultaneously etched
using an FIB at the same etching rate, and the end point
of the processing is determined by detecting the inflec-
tion point of a ratio of secondary ions discharged from
the deposition film to those from the bump defect dur-
ing the etching. Therefore, if the film deposited on the
bump defect 1s not flat, a surface shape obtained after
the bump defect and the deposition film are simulta-
neously etched depends on the shape of the deposition
film, so the projecting defect cannot be repaired to be
tlat. For this reason, it is important in the process to
depostt the flattening film.

FIGS. 12A to 12F show a process flow for repairing
a bump defect 502 of a phase shifter formed on a quartz
substrate 301. This phase shift mask is e.g. a transparent
type phase shift mask obtained by forming a phase
shifter pattern consisting of a silicon oxide on the quartz
substrate 501. A thickness t of the phase shifter for
inverting a phase is an odd-number multiple of
t=A/{2(n— 1)) where A is the wavelength of an expo-
sure light source and n is a refractive index. In this case,
KrF is used as a light source (A==248 nm), and a silicon
oxide film (n==1.508) is used as a phase shifter. For this
reason, t=244 nm is set.

A defect to be repaired is recognized using the FIB
apparatus on the basis of information such as the size,
shape (projection or recess), and position of the defect
obtained using a general defect inspection system. In
this manner, assume that the bump defect 502 is recog-
nized.

A film is deposited to cover the bump defect to be
flat. For example, this deposition film is formed by
assisted deposition such that a pyrene gas is decom-
posed at room temperature (25° C.), by a Ga focused ion
beam accelerated at 20 kV to deposit carbon (O).

When the defect shown in FIG. 12A is to be repaired,
the shape shown in FIG. 13C is obtained when only the
same method as in Example 1 is used. That is, as shown
in FIGS. 13A and 13B, a first deposition film 503 is
deposited in a doughnut form at the same level as that of
the defect 502 with a small interval around the defect
M2, and a second deposition film 504 is deposited to
cover the bump defect 502 and the first deposition film
303. As a result, the second deposition film 504 must be
deposited to have a very large thickness to obtain a flat
surface. Therefore, this method is not practical.

As shown in FIG. 12B, first deposition films 503 are
deposited with predetermined intervals at the same
level as that of the highest portion of a projecting defect
502 on the bases of information related to the shape of
the defect and obtained by a general defect inspection
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system. As shown in FIG. 12C, a second deposition film
504 1s formed in a region covering the bump defect 502
and the first deposition film 503.

A distance x between the first deposition films 503
can be determined on the basis of a relationship between
the distance x and a depth y of the recessed portion of
a flat surface which are obtained when the thickness of
the second deposition film 504 is kept constant. For
example, when the second deposition film 504 is depos-
ited to have a thickness of 1.0 um, the relationship
shown mn FIG. 3 is obtained. That is, the smaller the
distance x is, the smaller the depth vy is because of the
following reason. That is, in assisted deposition using an
ion beam and a gas, since deposition is enhanced by ions
and secondary electrons multiple-scattered in the nar-
row groove, the deposition rate in the groove becomes
higher than that on the first deposition films 503 so as to
decrease the depth y, thereby obtaining a flat film.

In the above description, although the projecting
defect is flattened by two stages, when the difference
between the peak and bottom levels of the projecting
defect i1s large, as shown in FIG. 14A, a method of
burying the bump defect with first, second and third
depositton films 503, 504, and 508 using the multi-stage
process shown in FIGS. 14B to 14D is effectively used.

As shown in FIG. 12D, the flat films (503 and 504)
deposited as described above and the bump defect 502
are etched back at the same rate. For example, when the
carbon films (503 and 504) deposited using the pyrene
gas and the above Ga focused ion beam having an accel-
eration energy of 20 keV and the bump defect 502
formed by a silicon oxide film are sputter-etched by a
Ga FIB at room temperature (25° C.), as shown in FIG.
4, an etching rate ratio of C/SiO; is changed depending
on the acceleration energy of the Ga FIB. When the
acceleration voltage is about 30 kV, the etching rate
ratio of C/Si0; is 1. Therefore, a region slightly larger
than the bump defect 502 is raster-scanned using a beam
305 narrowly focused under the above conditions, so
that the C and Si10; can be simultaneously etched at the
same etching rate.

When a ratio of secondary ions of carbon and Si
generated in the above processing is measured using a
mass spectrometer 506, the ratio of secondary i1ons of
C/Si 1s considerably changed immediately after the
carbon around the bump defect 502 in the beam-
scanned region disappears. For this reason, it is deter-
mined that the surface of the bump defect 502 is etched
to the same level as that of the surface of the substrate
501. The end point of the processing can be detected
from a ratio of secondary ions of C/QO, in place of the
ratio of secondary ions of C/Si. The method of deter-
mining the end point of the processing by measuring,
secondary 1ons 1s disclosed in, e.g., Jpn. Pat. Appln.
KOKAI Publication No. 58-106750. It is also possible to
recognize the interface between C and SiO; by detect-
ing the secondary ions.

However, in the sputter-processing using the Ga FIB,
a damaged layer 507 having a depth of about 15 nm is
left on the surface of the processed substrate 501 to
decrease the transmittance for light used in exposure.
For this reason, upon completion of removal of the
bump defect 502, as shown in FIG. 12E, the damaged
layer 507 1s assisted-etched at room temperature (25° C.)
using, €.g., an XeF, gas and the Ga FIB. In the assisted
etching using this gas, since no damaged layer is
formed, the substrate surface can have an excellent state
free from any damage. Although a recessed portion
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having a depth of about 15 nm 1s formed by the process-
ing, the recessed portion having such a depth i1s not
transferred to a wafer and does not adversely affect the
pattern around the recessed portion.

Finally, as shown in FIG. 12F, carbon left around the
bump defect after the bump defect is removed 1s re-
moved by an O; plasma asher. For example, when an
O3 gas flows into a chamber to keep the pressure of the
chamber at 0.9 Torr, and ashing is performed by apply-
ing an RF power of 500 W, the carbon can be removed
without any damage. The removal of carbon can be
performed by not only the O; plasma asher but also
CDE using an O, gas or an O, gas containing CFa.
Furthermore, the removal of carbon can be effectively
performed by keeping the substrate temperature at 150°
to 400° C. In addition, the removal of carbon can also be
performed by laser beam irradiation and FIB irradiation
in an O3 or O3 atmosphere.

The removal of remaining carbon can be more effi-
ciently performed at once after all defects are repaired.
The last two steps, 1.e., the step of removing carbon and
the step of removing a damaged layer may be per-
formed in a reverse order.

The step formed on the substrate surface when the
bump defect is repaired using the above repairing pro-
cess will be discussed below. The height of the step
formed by the repair is obtained such that the height of
a projecting or recessed step De formed by a difference
of the etching rates of the flattening film and the defect
1s added to a sum of a recess amount y of the flattening
film and a recess amount Dy of the recessed portion
formed by removing the damaged layer. Therefore, the
height of the step formed as described above must be
naturally lower than that of a step for generating a line
width variation allowed in a transfer pattern.

An alternating aperture phase shift mask is taken as an
example, and 10% of a minimum resolution size is de-
fined as an allowable value. In this case, when the wave-
length is 248 nm, the minimum size is 0.25 um, the NA
of a stepper is 0.45, and a coherence factor o represent-
ing the coherence of an exposure wavelength is 0.3, the
thickness of the step is about 40 nm. When the wave-
length 1s 365 nm, the minimum size is 0.35 nm, the NA.
of the stepper is 0.46, and the coherence factor a repre-
senting the coherency of the exposure wavelength is
0.3, the height of the step 1s about 80 nm. That is, when
the height of the step is smaller than 80 nm, the transfer-
ring property of the phase shift mask is not adversely
affected. In other words, processing conditions of the
steps can be less strict until (y-+Dy-+De) reaches the
height of the step. More specifically, in the wavelength
of KrF, when y=10 nm and Dy=15 nm, the range of
the etching rate ratio can be widened (0.94 to 1.06) until
the height of the step De reaches a maximum of 15 nm.

In this manner, when a bump defect is corrected in
accordance with the repairing process flow of Example
5, the following effects can be obtained.

(1) Since the bump defect 502 is covered with flatten-
ing films (the first deposition film 503 and the second
deposition film 504) such that the area larger than that
of the bump defect 502 is covered, damage to the pe-
ripheral portion of the defect region caused by Ga beam
irradiation during removal of the defect can be sup-
pressed as much as possible.

(2) When the flattening films (503 and 504) and the
bump defect which consist of different materials are
simultaneously processed, and secondary ions dis-
charged from the flattening films (C) and the defect
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(S10,) or a ratio of the secondary ions is measured, the
end point of the process can be easily detected.

(3) Since the bump defect 502 having a non-uniform
thickness 1s flattened using the flattening films (503 and
504), a lat shape can be easily obtained after the repair.

(4) The damaged layer 507 left on the substrate 501
can be easily removed by assisted etching using an
XeF> gas and a Ga FIB.

(5) The carbon films (503 and 504) used to remove the
defect can be easily removed by O; plasma asher with-
out any damage to other portions.

(6) Only when a Ga FIB apparatus is used, and almost
all process of repairing defects can be done in 2 Ga FIB
apparatus by changing the type of a gas supplied into
the apparatus. For this reason, defect repair can be
considerably efficiently performed.

Although the repairing process of a projecting defect
has been described above, the repairing process is not
limited to Example 3.

In Example 5, although a carbon film deposited from
a pyrene gas is described above as a flattening material
covering a defect, a carbon film deposited from another
hydrocarbon gas or a tungsten film using w(CO)¢ may
be used. The coverage property of the tungsten film is
almost the same as that of a carbon film. When the
above two-stage deposition was performed at room
temperature (25° C.) using the tungsten film, a flat film
having a small recessed portion on its surface could be
obtained as in the carbon film. In addition, when a de-
tect (810;) and the tungsten film are simultaneously
processed, a point at which an etching rate ratio is 1 falls
within the range of acceleration voltages of a general
FIB apparatus.

As a flattening material covering a projecting defect,
not only a film deposited by an FIB, but also a photo-
sensitive resin or a resin crosslinked or decomposed by
charged particles. Such a resin is coated on a reticle by
spin coating, and a laser beam, light focused using a slit,
an FIB, or an electron beam is irradiated on only a
region including a defect using a microscope or coordi-
nates obtained in the inspection step. The resultant
structure 1s developed, thereby forming a flattening
film. The first thin film and the second thin film are
formed by repeating the above-described sequence of
steps. The thickness of either film is adjusted by chang-
Ing the exposure (irradiation) amount of the resist or the
density of resist. It suffices to form only one flattening
fiim 1n the case where the bump defect is small or in the
case where a pattern is located near the defect to repair.
Thereafter, it is possible to perform the same processing
as that of the carbon film which is deposited by an FIB
using a pyrene gas. The photosensitive resin, or the
resin crossiinked or decomposed by charged particles,
can be removed by using a stripping solution such as a
mixture of sulfuric acid and hydrogen peroxide.

Although carbon and SiO, are simultaneously etched
by the Ga FIB in Example 5, the etching can be per-
formed by FIB assisted etching using a gas. In this case,
the etching rates of the deposition film and a shifter can
be controlled by selecting a gas or combination of gases.
In addition, when an XeF; gas mixture is used as the
gas, no damaged layer 1s left on the substrate surface
when the defect 1s removed, the step of removing a
damaged layer in the above process flow can be omit-
ted, and excessive etching need not be performed. In
this case, the point at which the etching rate of SiO; is
1 1s present within the general acceleration voltage
range, and an absolute etching rate is higher than that in
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sputter etching. For this reason, a throughput can be
increased.

In sputter processing using a Ga FIB, a sputtering
yield of, e.g., a quartz substrate, becomes saturated over
time (FIG. 5) because the sputtered material is attached
again to the peripheral portion of the processed region
in sputtering, and because the sputtering yield becomes
saturated over time. On the other hand, in assisted etch-
g using an XeF; gas and a Ga FIB or an electron
beam, the etching yield of the quartz substrate is always
constant (FIG. 6) because no sputtered material is at-
tached again, and excellent controllability of the pro-
cessing can be advantageously obtained.

Although carbon left after the defect is removed is
removed by the O; asher in the above description, the
carbon may be removed by, e.g., a laser. This method
utilizes evaporation of carbon caused by absorbing a
laser beam. According to the method, when the laser
beam 1s narrowly focused using a slit and then irradiated
on the remaining carbon, a laser energy is absorbed by
the carbon to generate heat, the carbon is sublimed and
scattered. In this case, the laser energy is also absorbed
by the damaged layer, and the damaged laver is re-
moved together with the carbon. The two steps of re-
moving the remaining carbon and the damage layer are
reduced to one step, and the repairing process is more
efficiently performed.

As another method, carbon reacts with Q> or O3zby a
laser irradiation in an O; or O3 atmosphere, the carbon
i1s removed as CO and CQO». In this case, since chemical
reactions are used, the power of the laser can be de-
creased. There are conditions under which, even when
the laser 1s irradiated on a light-shielding material near
the defect, only the carbon can be removed without
evaporating the light-shielding material. Therefore, the
allowable density of the diameter of the laser and the
degree of allowance of positional adjustment are in-
creased, and a process margin 1s advantageously in-
creased. In addition, when laser is used, pattern distor-
tion can be suppressed because heating can be locally
performed. when an FIB is used in place of the laser in
the O; or O3 atmosphere, the same effect as described
above can be expected. In this case, in order to obtain
the selection ratio of a substrate and carbon, lightweight
ions or an FIB having an acceleration energy of 10 keV
or less must be used.

Although deposition of carbon, simultaneous etching
of C and Si0;, and removal of a damaged layer are
performed by a2 Ga FIB, an ion source is not limited to
the Ga FIB. For example, it is apparent that the process
in the above steps may be performed using other ions
such as Au or Si.

Various changes and modifications may be effected,
without departing from the spirit and scope of the pres-
ent invention.

The examples described above are methods of repair-
ing the defects of shifters made of silicon oxide. Never-
theless, the present invention can be used to repair the
defects of any other type of a shifter, such as a shifter
made of organic material such as resist, a shifter made of
silicon, a shifter made of silicon nitride, or the like.
Moreover, the invention can be employed to repair the
defects of ordinary Cr masks and x-ray masks.

EXAMPLE 6

In Example 6, a method of repairing an indefinite-
shaped divot defect having no rectangular prism by
reducing the difference between the peak and bottom
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levels of a surface will be described below in detail with
reference to FIGS. 15A to 15H.

A defect to be repaired is recognized using the FIB
apparatus on the basis of information such as the size,
shape (projection or recess), height or depth, and the 5
position of the defect obtained using a general defect
mspection system. After a divot defect 602 is recog-
nized in a phase shifter 601, a silicon oxide film is depos-
ited using a focused ion beam and a gas sprayed from a
nozzle to slightly project from the surface of the phase 10
shifter 601. |

In this case, when the focused ion beam is irradiated
to entirely cover the divot defect, in order to bury a
divot defect having a complicated shape shown in FIG.
15A, a film must be deposited to largely project from 1!’
the shifter surface. For this reason, a time required for
the sequential steps is prolonged, and a practical
throughput cannot be obtained. Therefore, the differ-
ence between the peak and bottom levels of the surface
1s reduced by multi-stage deposition. As shown in FIG.
15B, first silicon oxide films are deposited with prede-
termined intervals at the same level as that of the sub-
strate surface on the basis of information related to the
shape of the defect and obtained by a defect inspection
system.

As shown in FIG. 15C, a second silicon oxide film
604 1s formed in a region covering the divot defect 602
and the first silicon oxide films 603. In assisted deposi-
tion using an ion beam and a gas, since deposition is
enhanced by ions and secondary electrons multiple-
scattered in the narrow groove, the deposition rate in
the groove becomes higher than that on the first deposi-
tion films 603 so as to decrease the difference between
the peak and bottom levels of the surface, thereby ob- 35
taining flat film.

In the above description, although the recessed de-
fect 1s buried with the silicon oxide film in two stages,
when the difference between the peak and bottom lev-
els of a divot defect is large as shown in FIG. 16A, a 4,
method of burying the divot defect with first and sec-
ond deposition films (deposition films) 603 and 604 and
third and fourth silicon oxide films (deposition films)
610 and 612 using the multi-stage process shown in
FIGS. 16B to 16D i1s effectively used. 45

The silicon oxide films are deposited by irradiating a
50-keV Si*+ FIB at room temperature (25° C.) while a
gas having Si-O bonds and/or Si-H bonds or a gas mix-
ture containing the gas, 1.e., a gas mixture of 1,3,5,7-tet-
ramethylcyclotetrasiloxane and oxygen (mixing rati- sg
o=1:7) is sprayed. The diameter of the nozzle used in
this case was 0.2 mm, and the pressure of the capaci-
tance manometer shown in FIG. 1 was 4 Torr. At this
time, the total flow rate of the gas at the outlet port of
the nozzle was 0.05 sccm. 55

Each of the S10; films deposited as described above
and having a thickness of 0.4 um has a transmittance of
100% for hight having a wavelength of 436 nm, and the
transmittance of a film (S10y) deposited using a conven-
tional gas mixture of tetramethoxysilane and oxygen is 60
40%. when these transmittances are compared with
each other, the SiO; film of Example 6 has excellent
optical characteristics. In addition, the SiO; film depos-
ited by the method of Example 6 has a transmittance of
90.6% for light (light used in an alternating aperture 65
phase shift mask method) having a wavelength of 248
nm. This value is larger than a transmittance (80.6%)
required to repair a divot defect.
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Note that, when the transmittance of each of the
deposition film must be increased, the following post-
processing may be performed. After the film is depos-
ited, UV light having a power density of 200 mW/cm?
on the surface of the deposition film is irradiated on the
deposition film for 1 hour. When the film 1s deposited
while UV light 1s irradiated in place of the UV light
processing, the deposition film having the same trans-
mittance as described above can be obtained. In addi-
tion, when the deposition film is annealed at 350° C. in
an Oy atmosphere for 1 hour, the same effect as de-
scribed above can be obtained.

In this case, the two types of gases may be sprayed
from different nozzles, and a gas such as N>O or ozone
containing oxygen as a main component may be used in
place of the oxygen gas. The mixing ratio of gases is not
Iimited to 1:7, and a mixing ratio at which the divot
defect is buried with a transparent deposit not to form a
cavity inside the deposit is selected depending on the
gas species and the ion species and energy of the FIB
which are used in the deposition. For example, when
TEOS is used, a “cavity” 1s formed in the deposit at
room temperature. However, when a mask temperature
1s decreased to about —70° C., the divot defect can be
buried without forming a “cavity”. The energy and ion
species of the FIB are not limited to the 50-keV Si2+
FIB, and another energy and ion species such as a 25-
keV Ga+ FIB can be selected. In addition, an electron
beam may be used in place of the FIB.

However, when a charge neutralizer is arranged near
the gas nozzle, and radiant heat from an electron dis-
charging filament in the neutralizer adversely affects
the gas, a black contaminant consisting of carbon is
attached on the mask substrate. Therefore, the charge

neutralizer is preferably arranged apart from the gas
nozzle. |

As shown in FIG. 15D, a first flattening film 605 is
deposited around the projecting portion of the SiO;
films (603 and 604) with a small interval to have a
doughnut shape at the same level as that of the silicon
oxide films (603 and 604). For example, the flattening
film 605 1s formed by assisted deposition in which car-
bon (C) is deposited by decomposing a pyrene gas using
a Ga focused ion beam accelerated to 20 keV.

As shown in FIG. 1SE, a second flattening film 606 is
formed in a region covering the silicon oxide films (603
and 604) and the first flattening film 605. At this time, an
interval x between the projecting portion of the silicon
oxide film and the first flattening film 605 and a depth y
of a recessed portion formed in the surface of the second
flattening film 606 when the second deposition film 606
is deposited to have a thickness of 1.0 um have a rela-
tionship shown in FIG. 3. That is, the smaller the inter-
val x 1s, the smaller the depth y is because of the follow-
Ing reason, Ihat is, in assisted deposition using an ion
beam and a gas, since deposition is enhanced by ions and
secondary electrons multiple-scattered in the narrow
groove, the deposition rate in the groove becomes
higher than that on the projecting portion of the silicon
oxide films (603 and 604) or the first flattening film 605
so as to decrease the depth y, thereby obtaining a flat
film.

In the above description, although the recessed de-
fect portion is flattened by two steps, when the differ-
ence between the peak and bottom levels of the divot
defect i1s large, after the divot defect is buried by the
first and second steps, the divot defect portion may be
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tungsten film 1s almost the same as that of a carbon film.
When the above two-stage deposition was performed
using the tungsten film, a flat film having a small re-
cessed portion on its surface could be obtained as in the
carbon film. In addition, when a defect (SiO;) and the
tungsten film are simultaneously processed, a point at
which an etching rate ratio is 1 fails within the range of
acceleration voltages of a general FIB apparatus.

Furthermore, the material for covering the projec-
tion defect is not limited to a film deposited by using an
FIB. Use may be made of photosensitive resin or resin
which is crosslinked or decomposed by charged parti-
cles. After spin-coating the resin of either type on the
reticule, a laser beam, a light beam focused by using a
slit, an FIB or an electron beam is applied to only the
region including the target defect, by using either a
microscope or the coordinates obtained in the inspec-

tion step. The, the resultant structure is developed,
thereby forming a flattening film. The first thin film and

the second thin film are formed by repeating the above-
described sequence of steps. The thickness of either film
is adjusted by changing the exposure (irradiation
amount of the resist or the density of resist. In the case
where the bump defect is small or in the case where a
pattern 1s located near the defect to repair, it suffices to
form only one flattening film. Thereafter, it is possible
to perform the same processing as that of the carbon
film which is deposited by an FIB using a pyrene gas.
The photosensitive resin, or the resin crosslinked or
decomposed by charged particles, can be removed by
using stripping solution such as a mixture of sulfuric
acid and hydrogen peroxide.

Simultaneous etching of C and SiO; can be modified
as in Example 1. In addition, removal of carbon left
after the projecting portion is removed can be modified
as in Example 1. In addition, deposition of carbon, si-
multaneous etching of C and SiO;, and an ion source

used for removing the damaged layer can be modified
as in Example 1.

Although the divot defect is buried with a silicon
oxide film in Example 3, the buried material is not lim-
ited to the silicon oxide. The buried material must be
selected depending on the material of a shifter. When
silicon nitride, chromium oxide, or the like is used, the
above repalr can be performed in the same manner as
described above.

In addition, various changes and modifications may

be effected without departing from the spirit and scope
of the mvention. |

EXAMPLE 4

In Example 4, a method of repairing a projecting
defect at a shifter edge portion of a transparent phase
shift mask will be described with reference to FIGS.
11A and 11B. In this case, FIG. 11A is a sectional view,
and FI1G. 11B 1s a plan view. Reference numeral 401
denotes a substrate; 402, a phase shifter; 403, a bump
defect.

A defect to be repaired is recognized using an FIB
apparatus on the basis of information such as the size,
shape (projection or recess), position of a defect de-
tected using a general defect inspection system. In this
case, since the defect projects from an edge, the state
shown in FIGS. 11A and 11B, corresponds to the state
upon completion of the step of the repair method shown
in FIGS. 10A-2 and 10B-2. Therefore, when the process
1s performed in accordance with the steps from FIGS.
10A-2 and 10B-2, repair of the bump defect at the edge
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portion is completed. When the defect which projects
from the edge and has a thickness smaller than that of
the shifter, the steps shown in FIGS. 10A-5 and 10B-5
can be omitted of the steps sequential to the step shown
in FIGS. 10A- 3 and 10B-3.

EXAMPLE 5

In Example 5, 2 method of repairing an indefinite-
shaped bump defect having no rectangular prism and
consisting of a silicon oxide produced on a mask sub-
strate of a phase shift mask will be described below.
Such a defect is caused by attachment of the dust or
remaining resist in etching, pin holes, or the like. A
large number of defects are formed.

A bump defect repairing process has the following
characternistic features. That is, a flat film is deposited on
a bump defect using an FIB apparatus, the deposition
film and the bump defect are simultaneously etched
using an FIB at the same etching rate, and the end point
of the processing 1s determined by detecting the inflec-
tion point of a ratio of secondary ions discharged from
the deposition film to those from the bump defect dur-
ing the etching. Therefore, if the film deposited on the
bump defect 1s not flat, a surface shape obtained after
the bump defect and the deposition film are simulta-
neously etched depends on the shape of the deposition
film, so the projecting defect cannot be repaired to be
flat. For this reason, it is important in the process to
deposit the flattening film.

FIGS. 12A to 12F show a process flow for repairing
a bump defect 502 of a phase shifter formed on a quartz
substrate S01. This phase shift mask is e.g. a transparent
type phase shift mask obtained by forming a phase
shifter pattern consisting of a silicon oxide on the quartz
substrate 501. A thickness t of the phase shifter for
mmverting a phase is an odd-number multiple of
t=A/{2(n—1)) where A is the wavelength of an expo-
sure light source and n is a refractive index. In this case,
KrF 1s used as a light source (A=248 nm), and a silicon
oxide film (n=1.508) is used as a phase shifter. For this
reason, t=244 nm is set.

A defect to be repaired is recognized using the FIB
apparatus on the basis of information such as the size,
shape (projection or recess), and position of the defect
obtained using a general defect inspection system. In
this manner, assume that the bump defect 502 is recog-
nized.

A film is deposited to cover the bump defect to be
flat. For example, this deposition film is formed by
assisted deposition such that a pyrene gas is decom-
posed at room temperature (25° C.), by a Ga focused 1on
beam accelerated at 20 kV to deposit carbon (C).

When the defect shown in FIG. 12A 1s to be repaired,
the shape shown in FIG. 13C is obtained when only the
same method as in Example 1 is used. That is, as shown
in FIGS. 13A and 13B, a first deposition film 503 is
deposited 1n a doughnut form at the same level as that of
the defect 502 with a small interval around the defect
502, and a second deposition film 504 is deposited to
cover the bump defect 502 and the first deposition film
303. As a result, the second deposition film 504 must be
deposited to have a very large thickness to obtain a flat
surface. Therefore, this method is not practical.

As shown in FIG. 12B, first deposition films 503 are
deposited with predetermined intervals at the same
level as that of the highest portion of a projecting defect
502 on the bases of information related to the shape of
the defect and obtained by a general defect inspection
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system. As shown in FIG. 12C, a second deposition film
S04 1s formed in a region covering the bump defect 502
and the first deposition film 503.

A distance x between the first deposition films 503
can be determined on the basis of a relationship between
the distance x and a depth y of the recessed portion of
a flat surface which are obtained when the thickness of
the second deposition film 504 is kept constant. For
example, when the second deposition film 504 is depos-
ited to have a thickness of 1.0 um, the relationship
shown in FIG. 3 is obtained. That is, the smaller the
distance x is, the smaller the depth y is because of the
following reason. That is, in assisted deposition using an
1on beam and a gas, since deposition is enhanced by ions
and secondary electrons multiple-scattered in the nar-
row groove, the deposition rate in the groove becomes
higher than that on the first deposition films 503 so as to
decrease the depth y, thereby obtaining a flat film.

In the above description, although the projecting
defect is flattened by two stages, when the difference
between the peak and bottom levels of the projecting
defect 1s large, as shown in FIG. 14A, a method of
burying the bump defect with first, second and third
deposition films 503, 504, and 508 using the multi-stage
process shown in FIGS. 14B to 14D is effectively used.

As shown in FIG. 12D, the flat films (503 and 504)
deposited as described above and the bump defect 502
are etched back at the same rate. For example, when the
carbon films (503 and S04) deposited using the pyrene
gas and the above Ga focused ion beam having an accel-
eration energy of 20 keV and the bump defect 502
formed by a silicon oxide film are sputter-etched by a
Ga FIB at room temperature (25° C.), as shown in FIG.
4, an etching rate ratio of C/Si0O; is changed depending
on the acceleration energy of the Ga FIB. When the
acceleration voltage is about 30 kV, the etching rate
ratio of C/SiOs is 1. Therefore, a region slightly larger
than the bump defect 502 is raster-scanned using a beam
505 narrowly focused under the above conditions, so
that the C and SiO; can be simultaneously etched at the
same etching rate.

When a ratio of secondary ions of carbon and Si
generated 1n the above processing is measured using a
mass spectrometer 506, the ratio of secondary ions of
C/S1 is considerably changed immediately after the
carbon around the bump defect 502 in the beam-
scanned region disappears. For this reason, it is deter-
mined that the surface of the bump defect 502 is etched
to the same level as that of the surface of the substrate
501. The end point of the processing can be detected
from a ratio of secondary ions of C/O, in place of the
ratio of secondary ions of C/Si. The method of deter-
mining the end point of the processing by measuring
secondary ions is disclosed in, e.g., Jpn. Pat. Appln.
KOKALI Publication No. 58-106750. It is also possible to
recognize the interface between C and SiO; by detect-
ing the secondary ions.

However, in the sputter-processing using the Ga FIB,
a damaged layer 507 having a depth of about 15 nm is
left on the surface of the processed substrate 501 to
decrease the transmittance for light used in exposure.
For this reason, upon completion of removal of the
bump defect S02, as shown in FIG. 12E, the damaged
layer 507 is assisted-etched at room temperature (25° C.)
using, e.g., an XeF> gas and the Ga FIB. In the assisted
etching using this gas, since no damaged layer is
formed, the substrate surface can have an excellent state
free from any damage. Although a recessed portion
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having a depth of about 15 nm is formed by the process-
ing, the recessed portion having such a depth is not
transferred to a wafer and does not adversely affect the
pattern around the recessed portion.

Finally, as shown in FIG. 12F, carbon left around the
bump defect after the bump defect is removed is re-
moved by an O; plasma asher. For example, when an
O3 gas flows 1nto a chamber to keep the pressure of the
chamber at 0.9 Torr, and ashing is performed by apply-
ing an RF power of 500 W, the carbon can be removed
without any damage. The removal of carbon can be
performed by not only the O; plasma asher but also
CDE using an O gas or an O3 gas containing CFa.
Furthermore, the removal of carbon can be effectively
performed by keeping the substrate temperature at 150°
to 400° C. In addition, the removal of carbon can also be
performed by laser beam irradiation and FIB irradiation
in an O3 or O3 atmosphere.

The removal of remaining carbon can be more effi-
ciently performed at once after all defects are repaired.
The last two steps, 1.e., the step of removing carbon and
the step of removing a damaged layer may be per-
formed in a reverse order.

The step formed on the substrate surface when the
bump defect 1s repaired using the above repairing pro-
cess will be discussed below. The height of the step
formed by the repair is obtained such that the height of
a projecting or recessed step De formed by a difference
of the etching rates of the flattening film and the defect
1s added to a sum of a recess amount y of the flattening
film and a recess amount Dy of the recessed portion
formed by removing the damaged layer. Therefore, the
height of the step formed as described above must be
naturally lower than that of a step for generating a line
width variation allowed in a transfer pattern.

An alternating aperture phase shift mask is taken as an
example, and 10% of a minimum resolution size is de-
fined as an allowable value. In this case, when the wave-
length is 248 nm, the minimum size is 0.25 um, the NA
of a stepper 1s 0.45, and a coherence factor o represent-
ing the coherence of an exposure wavelength is 0.3, the
thickness of the step is about 40 nm. When the wave-
length 1s 365 nm, the minimum size is 0.35 nm, the NA
of the stepper is 0.46, and the coherence factor a repre-
senting the coherency of the exposure wavelength is
0.3, the height of the step is about 80 nm. That is, when
the height of the step is smaller than 80 nm, the transfer-
ring property of the phase shift mask is not adversely
affected. In other words, processing conditions of the
steps can be less strict until (y 4 Dy+De) reaches the
height of the step. More specifically, in the wavelength
of KrF, when y=10 nm and Dy=15 nm, the range of
the etching rate ratio can be widened (0.94 to 1.06) until
the height of the step De reaches a maximum of 15 nm.

In this manner, when a bump defect is corrected in
accordance with the repairing process flow of Example
5, the following effects can be obtained.

(1) Since the bump defect 502 is covered with flatten-
ing films (the first deposition film 503 and the second
deposition film 504) such that the area larger than that
of the bump defect 502 is covered, damage to the pe-
ripheral portion of the defect region caused by Ga beam
irradiation during removal of the defect can be sup-
pressed as much as possible.

(2) When the flattening films (503 and 504) and the
bump defect which consist of different materials are
simultaneously processed, and secondary ions dis-
charged from the flattening films (C) and the defect
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(5102) or a ratio of the secondary ions is measured, the
end point of the process can be easily detected.

(3) Since the bump defect 502 having a non-uniform
thickness is flattened using the flattening films (503 and
>04), a flat shape can be easily obtained after the repair.

(4) The damaged layer 507 left on the substrate 501
can be easily removed by assisted etching using an
XeF; gas and a Ga FIB.

(5) The carbon films (503 and 504) used to remove the
defect can be easily removed by O; plasma asher with-
out any damage to other portions.

(6) Only when a Ga FIB apparatus is used, and almost
all process of repairing defects can be done in a Ga FIB
apparatus by changing the type of a gas supplied into
the apparatus. For this reason, defect repair can be
considerably efficiently performed.

Although the repairing process of a projecting defect
has been described above, the repairing process is not
limited to Example 5.

In Example 5, although a carbon film deposited from
a pyrene gas 1S described above as a flattening material
covering a defect, a carbon film deposited from another
hydrocarbon gas or a tungsten film using w{CO)¢ may
be used. The coverage property of the tungsten film is
almost the same as that of a carbon film. When the
above two-stage deposition was performed at room
temperature (25° C.) using the tungsten film, a flat film
having a smalil recessed portion on its surface could be
obtained as in the carbon film. In addition, when a de-
fect (8107) and the tungsten film are simultaneously
processed, a point at which an etching rate ratio is 1 falls
within the range of acceleration voltages of a general
FIB apparatus.

As a flattening material covering a projecting defect,
not oniy a film deposited by an FIB, but also a photo-
sensitive resin or a resin crosslinked or decomposed by
charged particles. Such a resin is coated on a reticle by

spin coating, and a laser beam, light focused using a slit,
an FIB, or an electron beam is irradiated on only a
region including a defect using a microscope or coordi-
nates obtained in the inspection step. The resultant
structure 1s developed, thereby forming a flattening
film. The first thin film and the second thin film are
formed by repeating the above-described sequence of
steps. The thickness of either film is adjusted by chang-
ing the exposure (irradiation) amount of the resist or the
density of resist. It suffices to form only one flattening
film in the case where the bump defect is small or in the
case where a pattern is located near the defect to repair.
Thereafter, 1t is possible to perform the same processing
as that of the carbon film which is deposited by an FIB
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sputter etching. For this reason, a throughput can be
increased.

In sputter processing using a Ga FIB, a sputtering
yield of, e.g., a quartz substrate, becomes saturated over
time (F1G. 5) because the sputtered material is attached
again to the peripheral portion of the processed region
in sputtering, and because the sputtering yield becomes
saturated over time. On the other hand, in assisted etch-
g using an Xek, gas and a Ga FIB or an electron
beam, the etching yield of the quartz substrate is always
constant (FIG. 6) because no sputtered material is at-
tached again, and excellent controliability of the pro-
cessing can be advantageously obtained.

Although carbon left after the defect is removed is
removed by the O; asher in the above description, the
carbon may be removed by, e.g., a laser. This method
utilizes evaporation of carbon caused by absorbing a
laser beam. According to the method, when the laser
beam 18 narrowly focused using a slit and then irradiated
on the remaining carbon, a laser energy is absorbed by
the carbon to generate heat, the carbon is sublimed and
scattered. In this case, the laser energy is also absorbed
by the damaged layer, and the damaged layer is re-
moved together with the carbon. The two steps of re-
moving the remaining carbon and the damage layer are
reduced to one step, and the repairing process is more
efficiently performed.

As another method, carbon reacts with O 0or O3by a
laser irradtation 1 an O; or O3 atmosphere, the carbon
is removed as CO and CO». In this case, since chemical
reactions are used, the power of the laser can be de-
creased. There are conditions under which, even when

~ the laser 1s irradiated on a light-shielding material near
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using a pyrene gas. The photosensitive resin, or the

resin crosslinked or decomposed by charged particles,
can be removed by using a stripping solution such as a
mixture of sulfuric acid and hydrogen peroxide.
Although carbon and Si0O; are simultaneously etched
by the Ga FIB m Example 5, the etching can be per-
formed by FIB assisted etching using a gas. In this case,
the etching rates of the deposition film and a shifter can
be controlled by selecting a gas or combination of gases.
In addition, when an XeF> gas mixture is used as the
gas, no damaged layer is left on the substrate surface
when the defect is removed, the step of removing a
damaged layer in the above process flow can be omit-
ted, and excessive etching need not be performed. In
this case, the point at which the etching rate of SiO; is
1 1s present within the general acceleration voltage
range, and an absolute etching rate is higher than that in
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the defect, only the carbon can be removed without
evaporating the light-shielding material. Therefore, the
allowable density of the diameter of the laser and the
degree of allowance of positional adjustment are in-

creased, and a process margin is advantageously in-
creased. In addition, when laser is used, pattern distor-

tion can be suppressed because heating can be locally
performed. when an FIB 1s used in place of the laser in
the Oy or O3 atmosphere, the same effect as described
above can be expected. In this case, in order to obtain
the selection ratio of a substrate and carbon, lightweight
1ons or an FIB having an acceleration energy of 10 keV
or less must be used.

Although deposition of carbon, simultaneous etching
of C and SiO,, and removal of a damaged layer are
performed by a Ga FIB, an ion source is not limited to
the Ga FIB. For example, it is apparent that the process
in the above steps may be performed using other ions
such as Au or Si.

Various changes and modifications may be effected,
without departing from the spirit and scope of the pres-
ent 1mvention.

The examples described above are methods of repair-
ing the defects of shifters made of silicon oxide. Never-
theless, the present invention can be used to repair the
defects of any other type of a shifter, such as a shifter
made of organic material such as resist, a shifter made of
silicon, a shifter made of silicon nitride, or the like.
Moreover, the invention can be employed to repair the
defects of ordinary Cr masks and x-ray masks.

EXAMPLE 6

In Example 6, a method of repairing an indefinite-
shaped divot defect having no rectangular prism by
reducing the difference between the peak and bottom
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levels of a surface will be described below in detail with
reference to FIGS. 15A to 15H.

A defect to be repaired is recognized using the FIB
apparatus on the basis of information such as the size,
shape (projection or recess), height or depth, and the
position of the defect obtained using a general defect
inspection system. After a divot defect 602 is recog-
nized in a phase shifter 601, a silicon oxide film is depos-
ited using a focused ion beam and a gas sprayed from a
nozzle to slightly project from the surface of the phase
shifter 601.

In this case, when the focused ion beam is irradiated
to entirely cover the divot defect, in order to bury a
divot defect having a complicated shape shown in FIG.
15A, a film must be deposited to largely project from
the shifter surface. For this reason, a time required for
the sequential steps is prolonged, and a practical
throughput cannot be obtained. Therefore, the differ-
ence between the peak and bottom levels of the surface
1s reduced by multi-stage deposition. As shown in FIG.
15B, first silicon oxide films are deposited with prede-
termined intervals at the same level as that of the sub-
strate surface on the basis of information related to the
shape of the defect and obtained by a defect inspection
system.

As shown in FIG. 15C, a second silicon oxide film
604 is formed in a region covering the divot defect 602
and the first silicon oxide films 603. In assisted deposi-
tion using an ion beam and a gas, since deposition is
enhanced by ions and secondary electrons multiple-
scattered in the narrow groove, the deposition rate in
the groove becomes higher than that on the first deposi-
tion films 603 so as to decrease the difference between
the peak and bottom levels of the surface, thereby ob-
taining flat film.

In the above description, although the recessed de-
fect 1s bunied with the silicon oxide film in two stages,
when the difference between the peak and bottom lev-
els of a divot defect is large as shown in FIG. 16A, a
method of burying the divot defect with first and sec-
ond deposition films (deposition films) 603 and 604 and
third and fourth silicon oxide films (deposition films)
610 and 612 using the multi-stage process shown in
FIGS. 16B to 16D is effectively used.

The silicon oxide films are deposited by irradiating a
50-keV Si2+ FIB at room temperature (25° C.) while a
gas having Si-O bonds and/or Si-H bonds or a gas mix-
ture containing the gas, i.e., a gas mixture of 1,3,5,7-tet-
ramethylcyclotetrasiloxane and oxygen (mixing rati-
o==1:7) 1s sprayed. The diameter of the nozzle used in
this case was 0.2 mm, and the pressure of the capaci-
tance manometer shown in FIG. 1 was 4 Torr. At this
time, the total flow rate of the gas at the outlet port of
the nozzle was 0.05 sccm.

FEach of the $S10, films deposited as described above
and having a thickness of 0.4 pm has a transmittance of
100% for light having a wavelength of 436 nm, and the
transmittance of a film (S10;) deposited using a conven-
tional gas mixture of tetramethoxysilane and oxygen is
40%. when these transmittances are compared with
each other, the SiO; film of Example 6 has excellent
optical characteristics. In addition, the SiO; film depos-
ited by the method of Example 6 has a transmittance of
90.6% for light (light used in an alternating aperture
phase shift mask method) having a wavelength of 248
nm. This value is larger than a transmittance (80.6%)
required to repair a divot defect.
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Note that, when the transmittance of each of the
deposition film must be increased, the following post-
processing may be performed. After the film is depos-
ited, UV light having a power density of 200 mW/cm?
on the surface of the deposition film is irradiated on the
deposition film for 1 hour. When the film is deposited
while UV light is irradiated in place of the UV light
processing, the deposition film having the same trans-
mittance as described above can be obtained. In addi-
tion, when the deposition film is annealed at 350° C. in
an O atmosphere for 1 hour, the same effect as de-
scribed above can be obtained.

In this case, the two types of gases may be sprayed
from different nozzles, and a gas such as N>O or ozone
containing oxygen as a main component may be used in
place of the oxygen gas. The mixing ratio of gases is not
limited to 1.7, and a mixing ratio at which the divot
defect 1s buried with a transparent deposit not to form a
cavity inside the deposit 1s seilected depending on the
gas species and the 10n species and energy of the FIB
which are used in the deposition. For example, when
TEOS i1s used, a “cavity” is formed in the deposit at
room temperature. However, when a mask temperature
is decreased to about —70° C., the divot defect can be
buried without forming a “cavity”. The energy and ion
species of the FIB are not limited to the 50-keV Si¢+
FIB, and another energy and ion species such as a 25-
keV Ga+ FIB can be selected. In addition, an electron
beam may be used i1n place of the FIB.

However, when a charge neutralizer is arranged near
the gas nozzle, and radiant heat from an electron dis-
charging filament in the neutralizer adversely affects
the gas, a black contaminant consisting of carbon is
attached on the mask substrate. Therefore, the charge

neutralizer is preferably arranged apart from the gas
nozzle. |

As shown in FIG. 15D, a first flattening film 605 is
deposited around the projecting portion of the SiO>
films (603 and 604) with a small interval to have a
doughnut shape at the same level as that of the silicon
oxide films (603 and 604). For example, the flattening
film 605 is formed by assisted deposition in which car-
bon (C) is deposited by decomposing a pyrene gas using
a Ga focused ion beam accelerated to 20 keV.

As shown in FIG. 15E, a second flattening film 606 is
formed in a region covering the silicon oxide films (603
and 604) and the first flattening film 605. At this time, an
interval x between the projecting portion of the silicon
oxide film and the first flattening film 605 and a depth y
of a recessed portion formed in the surface of the second
flattening film 606 when the second deposition film 606
1s deposited to have a thickness of 1.0 um have a rela-
tionship shown in FIG. 3. That is, the smaller the inter-
val x 1, the smaller the depth y is because of the follow-
ing reason, That 1s, in assisted deposition using an ion
beam and a gas, since deposition is enhanced by ions and
secondary electrons multiple-scattered in the narrow
groove, the deposition rate in the groove becomes
higher than that on the projecting portion of the silicon
oxide films (603 and 604) or the first flattening film 605
so as to decrease the depth y, thereby obtaining a flat
film.

In the above description, although the recessed de-
fect portion is flattened by two steps, when the differ-
ence between the peak and bottom levels of the divot
defect 1s large, after the divot defect is buried by the
first and second steps, the divot defect portion may be
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effectively flattened using the multi-step process shown
in FIGS. 14A to 14D.

As shown in FIG. 15F, the flat films (605 and 606)
deposited as described above and the silicon oxide films
(603 and 604) are simultaneously etched back at the
same rate. For example, when the projecting portion
(603 and 604) formed by the silicon oxide films and the
carbon iilms (605 and 606) deposited using the 20-keV
Ga focused ion beam and the pyrene gas are to be sput-
ter-etched by a Ga FIB, as shown in FIG. 4, an etching
rate ratio of C/S10; 1s changed depending on the accel-
eration voltage of the Ga FIB. When the acceleration
voltage is about 30 kV, the etching rate ratio of C/SiO>
becomes about 1. Therefore, a region slightly larger
than the projecting portion is raster-scanned using a
beam 607 narrowly focused under the above conditions,

so that the carbon and silicon oxide films can be simulta-
neously etched at the same etching rate.

When a ratio of secondary ions of carbon to those of

10

15

S1 generated in the above processing is measured using 20

a mass spectrometer 608, the ratio of secondary ions of
C/S1 1s considerably changed immediately after the
carbon around the projecting portion of the silicon
oxide films (603 and 604) in the beam-scanned region
disappears. For this reason, it is determined that the
silicon oxide films are etched to the same level as that of
the surface of the shifter 601. The end point of the pro-
cessing can be detected from a ratio of secondary ions
of C/0 1n place of the ratio of secondary ions of C/Si.
The method of determining the end point of the pro-
cessing by measuring secondary ions is disclosed in,
e.g., Jpn. Pat. Appln. KOKAI Publication No.
58-106750.

It 1s also possible to recognize the interface between
C and SiO; by detecting the secondary ions.

However, in the sputter-processing using the Ga FIB,
a damaged layer 609 having a depth of about 15 nm is
left on the substrate surface to decrease the transmit-
tance to light used in exposure. For this reason, upon
completion of removal of the projecting part of the
silicon oxide films (603 and 604), as shown in FIG. 15G,
the damaged layer 609 is assisted-etched using, e.g., an
XekF; gas and the Ga FIB. In the assisted etching using
this gas, since no damaged layer is left, the substrate
surface can have an excellent state free from any dam-
age. Although a recessed portion having a depth of
about 15 nm 1s formed by the processing, the recessed
portion having such a depth is not transferred to a wafer
and does not adversely affect the pattern around the
recessed portion.

Finally, as shown in FIG. 15H, carbon left after the
projecting part of the silicon oxide films (603 and 604)
are removed 1S removed by an O; plasma asher. For
example, when an O gas flows into a chamber to keep
the pressure of the chamber at 0.9 Torr, and ashing is
performed by applying an RF power of 500 W, the
carbon can be removed without any damage. The re-
moval of carbon can be performed by not only the O»
plasma asher but also CDE using an O, gas or an O; gas
containing CF4. Furthermore, the removal of carbon
can be effectively performed by keeping the substrate
temperature at 150° to 400° C. In addition, the removal
of carbon can also be performed by laser beam irradia-
tion and FIB irradiation in an O3 or O3 atmosphere.

‘The removal of remaining carbon can be more effi-
ciently performed at once after all defects are repaired.
The last two steps, i.e., the step of removing carbon and
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the step of removing a damaged layer may be per-
formed in a reverse order.

As described above, when the divot defect is repaired
in accordance with the repairing process flow of Exam-
ple 6, the following effects can be obtained.

(1) Since the divot defect 602 need not be buried with
the silicon oxide films (603 and 604) depending on the
shape of the recessed portion, the process is considera-
bly simplified.

(2) Since the projecting portion formed by burying
the divot defect 602 is covered with flattening films (60S
and 606) such that a region larger than that of the pro-

jecting portion is covered, when the projecting portion

i1s removed, damage to the peripheral portion of the
defect region caused by Ga beam irradiation can be
suppressed as much as possible.

(3) The flattening films (605 and 606) and the silicon

oxide films (603 and 604) which consist of different

materials are simultaneously processed, and secondary
ions discharged from the flattening films (C) and the
projecting portion (silicon oxide films) or a ratio of the
secondary ions or secondary electrons are measured.
For this reason, the end point of the processing of the
projecting portion can be easily detected.

(4) Since the projecting portion having a non-uniform
thickness is flattened using the flattening films (605 and
606), the repaired surface is easily flattened.

(5) The damaged layer 609 left on the surface of the
divot defect which is repaired can be easily removed by
assisted etching using an XeF> and a Ga FIB.

(6) The carbon films used to repair the defect can be
easily removed by an O; plasma asher without any
damage to other portions.

(7) Almost all process of repairing defects can be
done in a Ga F1B apparatus by changing the type of a
gas supplied into the apparatus. For this reason, defect
repalr can be considerably efficiently performed.

Although the repairing process of the recessed defect
has been described above, the repairing process is not
limited to Example 6.

In Example 6, although a carbon film deposited from
a pyrene gas 1s described above as a flattening material
covering a projecting portion left after the divot defect
1s buried with the stlicon oxide films, the same modifica-
tion as described in Example 1 can be effected.

In addition, simultaneous etching of carbon and SiO;
can be modified as in Example 1, and removal of carbon
left after the projecting portion is removed can be modi-
fied as in Example 1. Deposition of carbon, the simulta-
neous etching of C and Si0O», and an ion source used for
removing the damaged layer can be modified as in Ex-
ample 1.

Some steps of the process can be omitted depending
on the shape of a divot defect. That is, after the silicon
oxide films are deposited by the large number of steps
shown in FIGS. 15A . to 15C, depending on the shape of
a divot defect, the difference between the peak and
bottom levels of the surface falls within the range of the
depth of an allowable step in defect repair. For this
reason, the steps from FIG. 15D need not be performed.

Although the divot defect is buried with silicon oxide
films in Example 6, the buried material is not limited to
the silicon oxide. The buried material must be selected
depending on the material of a shifter. When silicon
nitride, chromium oxide, or the like is used, the above
repair can be performed in the same manner as de-
scribed above.
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EXAMPLE 7

In Example 7, a method of repairing a recessed defect
of a shifter, especially including a film-quality improv-
ing effect of a buried material deposited in the divot
defect, will be described.

Example 7 is basically the same as Example 2. As in
the steps shown in FIGS. 18A to 18D, an SiO; film 706
1s formed, and first and second deposition films 707 and
708 are formed. Thereafter, a laser beam is irradiated on
a region covered with the first and second deposition
films 708, the SiO; film 706 under the deposition films
707 and 708 is locally heated by heat generated by en-
ergy absorption of a carbon film. In the SiQ; film 706, a
defect having an SiOjy structure is improved by an an-
nealing effect caused by heating, thereby increasing the
transmittance of the SiO; film. In this manner, an in-
crease in transmittance shown in FIG. 17 is observed.
The sequential steps are performed in the same manner
as 1n the steps shown in FIGS. 7E to 7G, the SiO; film
706 and the deposition films 707 and 708 are etched
back, and a damaged layer 211 is removed. -

In this manner, when the divot defect is repaired in
accordance with the repairing process flow of Example
7, n addition to the effects (1) to (7) described in Exam-
ple 2, the following effect can be obtained. That is, the
structural defect of the SiO; film 706 is improved by

laser annealing so as to increase the transmittance of the
S104 film 706.

EXAMPLE 8

In Example 8, a method of repairing a recessed defect
of a shifter will be described in detail with reference to
FIG. 18. Example 8 is basically the same as Example 2.
However, Example 8 is different from Example 2 in that
the transmittance of a deposition film is increased by
decreasing the energy of an FIB irradiated during depo-
sition of the film.

A defect to be repaired is recognized using the FIB
apparatus on the basis of information such as the size,
shape (projection or recess), and position of the defect
obtained using a general defect inspection system. As
shown in FIG. 18A, after a divot defect 702 is recog-
nized in a phase shifter 701, a Ga FIB 705 is irradiated
in a region slightly larger than the divot defect 702
while a gas having Si-O bonds and/or Si-H bonds or a
gas mixture containing the gas, i.e., a gas mixture 704 of
1,3,5,7-tetramethylcyclotetrasiloxane and oxygen (mix-
ing ratio= 1:7) is sprayed from a nozzle 703 on the divot
defect 702 at room temperature. In this manner, as
shown in FIG. 18B, an SiO; film (buried material)
slightly projecting from the surface of the shifter 701 is
deposited. Note that the diameter of the nozzle used in
this case was 0.2 mm, and the pressure of the capaci-
tance manometer shown in FIG. 1 was 4 Torr. At this
time, the total flow rate of the gas at the outlet port of
the nozzle was 0.05 sccm.

A relationship between the energy of the irradiated
Ga FIB and the transmittance of the deposited SiO; film
(thickness: 0.3 pm) for light (light used in an alternating
aperture phase shift mask) having a wavelength of 248
nm is shown in FIG. 21. As the energy of the Ga FIB is
decreased, the transmittance is increased because of the
following reason. That is, although defects causing the
decrease in transmittance occur in the deposition film
by implanting Ga+ ions into the deposition film, when
the energy of Ga+ ions is low, the number of defects
formed per ion is decreased. In this case, since the en-
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ergy of the Ga FIB is set to be 5.5 keV, the transmit-
tance of the deposition film 1s 91%, and the value i1s
larger than a transmittance (80.6%) required to repair a
divot defect. In addition, the beam current of the Ga
FIB was 20 pA. In this case, since an FIB apparatus in
a retarding mode, i.e., an apparatus having an accelera-
tion voltage of 25 kV and capable of setting a voltage of
a sample table at 19.5 kV, is used, even when the irradia-
tion energy of G+ ions: |

[(acceleration voltage)—(sample table voltage)]Xe

(elementary charge)
1s set to be 5.5 keV, the beam diameter is 0.05 pm, so
that a film can be deposited in a fine region. In a normal
FIB apparatus which is not in a retarding mode, the
acceleration voltage must be set to be 5.5 kV. In this
case, since the beam diameter is 1 um or more, a film
cannot be easily deposited in a fine region.

Although the 5.5-keV Ga+ FIB is used in this case, an
FIB having another energy can be selected 1n consider-
ation of the relationship between the Ga+ ion energy
and the transmittance shown in FIG. 21, and an FIB
using another ion species can also be selected. In addi-
tion, the two types of gases may be sprayed from differ-
ent nozzles, respectively, and a gas such as ozone or
N>0O having oxygen as a main component may be used
in place of the oxygen gas. The mixing ratio of the gases
1s not limited to 1:7, and a mixing ratio at which a re-
cessed defect is buried with a transparent deposit to
have an excellent shape is preferably used in accordance
with the gas species and the ion species and energy of
the FIB.

When a charge neutralizer is arranged near the gas
nozzle, and radiant heat from an electron discharging
filament in the neutralizer adversely affects the gas, a
black contaminant consisting of carbon is attached on
the mask substrate. Therefore, the charge neutralizer is
preferably arranged apart from the gas nozzle.

As shown in FIG. 18C, a first thin film 707 is depos-
ited around the bump defect of the SiO» film 706 with a
small interval to have a doughnut shape at the same
level as that of the SiO; film 706. The first thin film 707
is formed by assisted deposition such that a pyrene gas
1s decomposed by a Ga FIB accelerated at, e.g., 20 keV
to deposit carbon (C).

As shown 1 FIG. 18D, a second deposition film 708
is formed in a region covering the projecting portion of
the S10; film 706 and the first deposition film 707. In
this case, an interval x between the projecting portion of
the S10; film and the first deposition film 707 and a
depth y of a recessed portion formed in the surface of
the second deposition film 708 when the second deposi-
tion film 708 is deposited to have a thickness of 1.0 um
have the relationship shown in FIG. 3. That is, the
smaller the interval x is, the smaller the depth v is be-
cause of the following reason. In assisted deposition
using an ion beam and a gas, since deposition is en-
hanced by ions and -secondary electrons multiple-scat-
tered 1n the narrow groove, the deposition rate in the
groove becomes higher than that on the projecting
portion of the SiO; film 706 or the first deposition film
707. As a result, the depth y is decreased, and a flat film
can be obtained.

As shown in FIG. 18E, the flat films (707 and 708)
deposited as described above and the projecting portion
of the Si0O; film 706 are simultaneously etched at the
same rate. For example, when the carbon films (707 and
708) deposited using the pyrene gas and the 20-keV Ga
focused ion beam and the projecting portion of the
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S10; film 706 are sputter-etched by a Ga FIB, shown in
FIG. 4, an etching rate ratio of C/SiQ; is changed de-
pending on the acceleration voitage of the Ga FIB.
When the acceleration voltage is about 30 kV, the etch-
ing rate ratio of C/Si0; is about 1. Therefore, a region
slightly larger than the projecting portion is raster-
scanned using a beam 709 narrowly focused under the
above conditions, so that the C and SiQ» can be simulta-
neously etched at the same etching rate.

When a ratio of secondary ions of carbon to those of 10

Si generated in the above processing is measured using
a mass spectrometer 710, the ratio of secondary ions of
C/3St 1s considerably changed immediately after the
carbon around the projecting portion of the SiQ; film
706 1n the beam-scanned region disappears. For this
reason, it 1s determined that the surface of the project-
ing portion of the SiO; film 706 is etched to the same
level as that of the surface of the shifter 701. The end
point of the processing can be detected from a ratio of
secondary 1ons of C/Q, in place of the ratio of second-
ary 1ons of C/Si1. The method of determining the end
point of the processing by measuring secondary ions is
disclosed in Jpn. Pat. Appin. KOKAI Publication No.
58-106750.

It 1s also possible to recognize the interface between
C and Si0O; by detecting the secondary ions.

However, in the sputter-processing using the Ga FIB,
a damaged layer 711 having a depth of about 15 nm is
left on the surface of the processed substrate to decrease
the transmittance to light used in exposure. For this
reason, upon completion of removal of the projecting
portion of the SiO» film 706, as shown in FIG. 18F, the
damaged layer 711 is assisted-etched using, e.g., an
Xel> gas and the Ga FIB. In the assisted etching using
this gas, since no damaged layer 711 is left, the damaged
layer 711 can be removed. Although a recessed portion
having a depth of about 15 nm is formed by the process-
ing, the recessed portion having such a depth is not
transferred to a wafer and does not adversely affect the
pattern around the recessed portion.

Finally, as shown in FIGS. 18G, carbon left around
the projecting portion of the SiO> film 706 after the
projecting portion is removed is removed by an O;
plasma asher. For example, when an O, gas flows into a
chamber to keep the pressure of the chamber at 0.9
Torr, and ashing 1s performed by applying an RF power
of 500 W, the carbon can be removed without any dam-
age. The removal of carbon can be performed by not
only the Oy plasma asher but also CDE using an O; gas
or an O; gas containing CF4. Furthermore, the removal
of carbon can be effectively performed by keeping the
substrate temperature at 150° to 400° C. In addition, the
removal of carbon can also be performed by laser beam
irradiation and FIB irradiation in an O, or O3 atmo-
sphere.

The removal of remaining carbon can be more effi-
ciently performed at once after all defects are repaired.
‘The last two steps, i.e., the step of removing carbon and
the step of removing a damaged layer may be per-
formed in a reverse order.

In this manner, when a divot defect is repaired in
accordance with the repairing process flow of Example
8, the following effects can be obtained.

(1) Since the divot defect 702 need not be buried with
the Si0; film 706 depending on the shape of the recessed
portion, the process i1s considerably simplified.

(2) Since the projecting portion formed by burying
the divot defect 702 1s covered with the flattening films
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(the first and second deposition films 707 and 708) such
that a region larger than that of the projecting portion is
covered, when the projecting portion is removed, dam-
age to the peripheral portion of the defect caused by Ga
beam irradiation can be suppressed as much as possible.

(3) The flattening films (707 and 708) and the SiO;
film 706 which consist of different materials are simulta-
neously processed, and secondary 1ons discharged from
the flattening films (C) and the projecting portion
(8107) or a ratio of the secondary 1ons or secondary
electrons are measured. For this reason, the end point of
the processing of the projecting portion can be easily
detected.

(4) Since the projecting portion having a non-uniform
thickness 1s flattened using the flattening films (707 and
708), the repaired surface is easily flattened.

(5) The damaged layer 711 left on the surface of the
divot defect which 1s repaired can be easily removed by
assisted etching using an XeF; and a2 Ga FIB.

(6) The carbon films (707 and 708) used to repair the
defect can be easily removed by an O; plasma asher
without any damage to other portions.

(7) Almost all process of repairing defects can be
done 1n a Ga FIB apparatus by changing the type of a
gas supplied into the apparatus. For this reason, defect
repair can be considerably efficiently performed.

(8) Since the acceleration energy of Ga+ is kept low,
the transmittance of the SiO; film 706 for light having a
small wavelength (248 nm) can be sufficiently in-
creased, and the repairing process flow can be applied
to repair of an alternating aperture phase shifting mask
used in a region having the wavelength.

Although the repairing process of the recessed defect
has been described above, the repairing process is not
limited to Example &.

In Example 8, although a carbon film deposited from
a pyrene gas 1s described above as a flattening material

- covering a projecting portion left after the divot defect

1s buried with SiO», a carbon film deposited from an-
other hydrocarbon gas or a tungsten film using, e.g.,
W(CO)s, may be used. The coverage property of the
tungsten film is almost the same as that of a carbon film.
When the above two-stage deposition was performed
using the tungsten film, a flat film having a small re-
cessed portion in its surface could be obtained as in the
carbon film. In addition, when a projecting portion
(8107) and the tungsten film are simultaneously pro-
cessed, a point at which an etching rate ratio is 1 falls
within the range of acceleration voltages of a general
F1B apparatus.

Furthermore, the material for covering the projec-
tion defect is not limited to a film deposited by using an
FIB. Use may be made of photosensitive resin or resin
which 1s crosslinked or decomposed by charged parti-
cles. After spin-coating the resin of either type on the
reticule, a laser beam, a light beam focused by using a
slit, an FIB or an electron beam is applied to only the
region including the target defect, by using either a
microscope or the coordinates obtained in the inspec-
tion step. The, the resultant structure is developed,
thereby forming a flattening film. The first thin film and
the second thin film are formed by repeating the above-
described sequence of steps. The thickness of either film
is adjusted by changing the exposure (irradiation
amount of the resist or the density of resist. In the case
where the bump defect is small or in the case where a
pattern 1s located near the defect to repair, it suffices to
form only one flattening film. Thereafter, it is possible
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to perform the same processing as that of the carbon
film which is deposited by an. FIB using a pyrene gas.
The photosensitive resin, or the resin crosslinked or
decomposed by charged particles, can be removed by
using stripping solution such as a mixture of sulfuric
acid and hydrogen peroxide.

Simultaneous etching of C and Si0O; can be modified
as in Example 1. In addition, removal of carbon left
after the projecting portion is removed can be modified
as in Example 1. In addition, deposition of carbon, si-
multaneous etching of C and Si10;, and an ion source
used for removing the damaged layer can be modified
as in Example 1.

Although the shape of the divot defect is not de-
scribed 1n the above process, some steps of the process
can be omitted depending on the shape. That is, a divot
defect having a large aspect ratio is to be repaired, the
deposition shape of SiO; using 1,3,5,7-tetramethylcy-
clotetrasiloxane is as shown in FIG. 19A. In this case,
since the difference x of the peak and bottom levels of
the surface falls within the range of the depth of an
allowable step in defect repair, the steps from FIG. 18C
need not be performed.

In contrast to this, when each of defects shown m
FIGS. 19B and 19C are to be repaired, the difference
between the peak and bottom levels of the surface ob-
tained after SiO; is deposited does not fall within the
range of the depth of an allowable step in defect repair.
For this reason, all the steps shown in FIGS. 18A to
18G must be performed. In addition, in a case of the
defect shown in FIG. 19C, as shown in FIGS. 20A to
20C, Si0; 1s deposited in the recessed portion with a
small interval from the side wall of the recessed portion,
and S10; 1s deposited in a region completely covering
the defect, thereby obtaining deposition having a small
difference between the peak and bottom levels of the
surface. In this manner, as described above, the steps
from FIG. 18C may need not be performed.

Although silicon oxide deposition is described iIn
Example 8. This technique can be applied to other mate-
rial. Silicon nitride, chromium oxide or the like can be
deposited without the transmittance reduction due to
the application of ions, merely by decreasing the energy
of the FIB.

In addition, various changes and modifications may
be effected without departing from the spirit and scope
of the mmvention.

In each of the above examples, although a repair
method has been described using a phase shift mask, the
present invention is not applied to only the phase shift
mask. The present invention can also be applied to re-
pair of a normal Cr mask or an X-ray mask. In addition,
the present invention can be applied to repair of a Fres-
nel zone plate or other optical parts.

EXAMPLE 9

In Example 9, a method of repairing a recessed defect
and of a shifter, more particularly, deposition of an
S10; film serving as a buried material deposited in a
divot defect will be described.

Example 9 is basically the same as Example 2 in the
specification of Japanese Patent Application No.
4-294536. A defect to be repaired is recognized using an
FIB apparatus on the basis of information such as the
size, shape (projection or recess), position of a defect
detected by a general defect inspection system. After a
divot defect is recognized in a phase shifter, a Ga+ FIB
is irradiated on a region slightly larger than the divot
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defect while a gas having Si-O bonds and/or Si-H bonds
or a gas mixture containing the gas, i.e., a gas mixture of
1,3,5,7-tetramethylcyclotetrasiloxane and oxygen 1is
sprayed from a nozzle at room temperature. In this
manner, an SiO; film (buried material) projecting
slightly higher than the shifter surface is deposited. The
diameter of the nozzle used in this case was 0.2 mm, and
the total flow rate of the nozzle at the outlet port was
0.05 sccm.

According to the specification of Japanese Patent
Application No. 4-294536, in order to increase the trans-
mittance of the SiO; film serving as the buried material,
UV irradiation on the deposition film, film deposition
while UV irradiation is performed, annealing of the
deposition film in an O; atmosphere, or deposition by
low-energy ions is to be performed. In a case of using an
SiO; film deposited using a 50-keV Si?+ FIB, the trans-
mittance of the SiO; film is increased by annealing in the
O, atmosphere. However, in case of using an SiO; film
deposited using a 25-keV Ga+ FIB, the transmittance of
the SiO; film is not increased by annealing in the Oz
atmosphere. In addition, annealing in the step of repair-
ing an alternating aperture phase shifting mask may
cause distortion of a mask pattern.

On the other hand, in deposition using low-energy
ions, when an FIB apparatus in a retarding mode 1s
used, even when the ion energy is set to be 5.5 keV, film
deposition in a fine region can be performed because the
beam diameter is 0.05 um. However, in case of using the
normal FIB apparatus, when the 10n energy 1s set to be
5.5 keV, the beam diameter is 1 um or more, and the
film deposition in a fine region cannot be easily per-
formed. Furthermore, since a deposition efficiency is
low when the ion energy is set to be 5.5 keV, the above
deposition using the low-energy 1ons is not practical. In
Example 9, an example in which an SiO; film having a
transmittance capable of being used to repair a phase
shifter is deposited using a Ga+ FIB and an energy
except for an ion energy of 5.5 keV without using post-
processing such as annealing or UV irradiation 1s exem-
plified.

According to Example 9, an S10; film was deposited
by irradiating a Ga+ FIB using a gas mixture of 1,3,5,7-
tetramethylcyclotetrasiloxane (TMCTS) and oxygen as
a source gas for depositing a film. The relationship
between a beam current density obtained when an 10n
energy 1s set to be 25 keV and the transmittance of the
deposited Si0; film for KrF light (wavelength: 248 nm)
is shown in FIG. 22.

As 1s apparent from FIG. 22, as a beam current den-
sity 1s decreased, the transmittance tends to be in-
creased. However, when the beam current density 1s 11
mA/cm? or less, the transmittance is saturated. This
tendency to saturation does not depend on the ion en-
ergy. Therefore, in each 10n energy, film deposition was
performed using a beam having a beam current density
at which the transmittance was saturated.

The transmittance, for KrF light (wavelength: 248
nm), of an S103 film (thickness: 250 nm) deposited while
an ion energy and an O, partial pressure ratio are
changed is shown in FIG. 23. Referring to FIG. 23, as
the ratio of an O3 partial pressure to a TMCTS partial
pressure is high, and/or the ion energy is low, the trans-
mittance tends to be high.

In an alternating aperture phase shifting mask for
KrF light, a thickness t of a phase shifter for inverting a
phase is an odd-number multiple of t=A/{2(n—1))
where A i1s the wavelength of an exposure light source
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and n 1s a refractive index. In this case, KrF is used as a
light source (A=248 nm), and a silicon oxide film
(n=1.508) is used as a phase shifter. For this reason,
t=244 nm 1s set. In addition, according to a simulation,
it 1s known that the satisfactory transmittance of the
aiternating aperture phase shifting mask for KrF light
required for repairing a divot defect of the shifter is
80% or more. For this reason, the SiO; film may be
deposited at a partial pressure ratio higher than partial
pressure ratios plotted along a curve (in FIG. 23) indi-
cating that the transmittance for the KrF light is 80%.

According to this method, an SiO; film having a high
transmittance can be deposited by a normal FIB appara-
tus using ions having any energy. Note that, when the
transmittance may be 70%, deposition may be per-
formed at an O; partial pressure ratio higher than a
curve (in FIG. 23) indicating that the transmittance is
70%. When another transmittance is set, an SiQ» film
may be deposited in a region having an O; partial pres-
sure ratio higher than that calculated on the basis of the
relationship between an O; partial pressure and an ion
energy which correspond to the transmittance.

The sequential steps are performed in the same man-
ner as described in the steps described in Example 2 in
the specification of Japanese Patent Application No.
4-294536, thereby etching back the SiO; film and the
first and second thin films.

In this manner, when a divot defect is repaired in the
repairing process flow of Example 9, in addition to the
effects (1) to (7) described in example 2 in Japanese
Patent Application No. 4-294536, the following effect
can be obtained. That is, SiO; film having a high trans-
mittance and capable of being used for correcting a
phase shifter divot defect of a phase shift mask can be
efficiently deposited without post-processing.

TMCTS used in Example 9 will be described below.
First, 1t should be noted that TMCTS is molecule hav-
ing -S1-0-Si- bond as shown in FIG. 25A. This bond is
cyclic and, therefore, stable. Thanks to the stable -Si-O-
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Si- bond, TMCTS can readily form an $iO; film having 40

an -S1-0-S1 network as shown in FIG. 24. TMCTS
greatly differs from TEOS wherein Si bonds to O of
ethoxy group which is relatively reactive and likely to
dissociate as ethanol.

Second, TMCTS has, as shown in FIG. 25A, in addi-
tion to Si-O and Si-C bonds, an Si-H bond. TMCTS is
different from OMCTS (octamethylcyclotetrasiloxane)
constituted by only Si-O and Si-C bonds as shown in
FI1G. 25B. When a film is formed using TMCTS, since
stearic hindrance caused by bulky CH3 groups is small,
O atoms easily react with Si atoms, thereby easily pro-
ducing Si-O bonds. In this manner, the Si0; film ob-
tained using TMCTS has a light transmittance higher
than that of an SiO; film obtained using OMCTS.

Third, the film deposition yield of an SiO; film using
a Ga FIB is 7 atoms/ion when TMSTS is used, and is 2
atoms/ion when TEOS 1s used. Therefore, since the
number of ions implanted until the thickness of a film
reaches a specific thickness is smaller in use of TMCTS
than 1n use of the TEOS, damage caused by implanted
1ons 1s small during film formation, and the light trans-
mittance of the obtained Si0O- film is increased.

EXAMPLE 10

In Example 10, deposition of a flattening film cover-
ing a bump defect and removal of the flattening film and
a remaining flattening film left after etching of the bump
defect will be described below. According to the speci-
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fication of Japanese Patent Application No. 4-294536,
first and second flattening films are to be a carbon film
assisted-deposited using an FIB. In Example 10, an
example wheremn Au assisted-deposited by the FIB i1s
used as a flattening film to perform removal of a remain-
ing flattening film using wet etching will be described.

A defect to be repaired is recognized using an FIB
apparatus on the basis of information such as the size,
shape (projection or recess), position of a defect de-
tected by a general defect inspection system. After a
bump defect is recognized, Au is deposited by assisted
deposition using a 15-keV Ga~ FIB and a source gas,
e.g., dimethylgoldhexafluoroacetyl acetonate
(C7H7F¢02An), for depositing an Au film to flatten the
upper portion of a bump defect. At this time, as de-
scribed 1n the specification of Japanese Patent Applica-
tion No. 4-294536, a flattening operation is performed
by two- or multi-stage deposition in accordance with
the shape and the position of the defect.

After the flattening film is deposited, as in the steps
described 1n the specification of Japanese Patent Appli-
cation No. 4-294536, a flat deposited region of the Au
film including the bump defect is removed using a 30-
keV Ga FIB and an XeF> gas. In this case, the Au is
removed by physical sputtering using the Ga FIB, and
the bump defect (S103) 1s removed by assist etching
using the Ga FIB and the XeF; gas without decreasing
the transmittance. At this time, adjustment of the gas
pressure of the XeF; gas can causes the etching rates of
Au and S10; to be equal to each other.

An unnecessary Au film left after the etching is re-
moved by wet etching using aqua regia. Although Au is
dissolved in aqua regia, Si0; serving as the material of
the shifter of the mask and chromium or chromium
oxide serving as a light-shielding material are not dis-
solved in aqua regia. For this reason, only Au can be
removed without any damage to the light-shielding
material and shifter.

In addition to Au, Pt is also dissolved in aqua regia.
For this reason, in place of the Au film, as a flattening
film covering the bump defect, a Pt film deposited using
an FIB and a source gas, 1.e., (methylcyclopentadime-
thylytnimethylplatinum [(MeCp)PtMez], for depositing
a Pt film may be used. In addition, a2 material which is
dissolved in the chemical solution which does not dis-
solve light-shielding material and shifter of the mask
can be used as a flattening film. It is apparent that the
method of Example 10 can be used in the step of flatten-
ing an S10; film (buried material) deposited on a divot
defect to project slightly higher than a shifter surface.

EXAMPLE 11

In Example 11, removal of a flattening film covering
a bump defect will be described. More particularly, a
case wherein a gas mixture of a hydrocarbon gas and a
hydrogen gas is used as a source gas of a flattening
material will be described below.

Although in the specification of Japanese Patent Ap-
plication No. 4-294536, it is described that a hydrocar-
bon gas such as pyrene, styrene, methyl methacrylate,
2,4,4-tnmethyl-1-pentene, or isoprene can be used as the
source gas of a flattening material covering a bump
defect and consisting of carbon, a gas mixture of a hy-
drocarbon gas and a hydrogen gas can be also used as
the source gas. A hydrogen content in the carbon film is
increased by mixing the hydrogen gas in the hydrocar-
bon gas to enhance the conversion from the carbon film
into a polymer. For this reason, the carbon film can be
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easily removed. This is understood because a resist
which is a polymer can be easily removed by an asher,
CDE, laser, or the like compared with a carbon film
formed by sputtering.

For example, a case wherein a 2,4,4-trimethyl-1-pen-
tene gas serving as a hydrocarbon gas and a hydrogen
gas are used will be described below. In the apparatus
shown in FIG. 1, the 2,4,4-trimethyl-1-pentene gas and
the hydrogen gas were stored in gas bombs 11, a 1.0-
Torr 2,4,4-trimethyl-1-pentene gas and a 1.0-Torr hy-
drogen gas were mixed with each other in a gas supply
system, and the gas mixture was sprayed from a nozzle
13 on the surface of a sample 8. An FIB drawn from a
Ga 10n source and having a beam current of 10 pA and
an acceleration voltage of 25 keV was irradiated on this
surface to deposit a carbon film. The deposition effi-
ciency of the carbon film deposited as described above
was 18 atoms/ion. This value was 1.6 times as high as
the value obtained when only 2,4,4-trimethyl-1-pentene
gas was used. In addition, when the carbon film was
removed by CDE having a power of 100 W using 20
sccm of water and 200 sccm of an oxygen gas, the re-
moval rate of the carbon film was increased to 5 times as
high as that of a carbon film formed by using only 2,4,4-
trimethyl-1-pentene gas. In this case, although the mix-
ing ratio of the 2,4,4-trimethyl-1-pentene gas to a hydro-
gen gas is set to be 1:1, when the total pressure is kept
constant, the removal rate of the deposited carbon film
1s increased by increasing a hydrogen gas partial pres-
sure. On the other hand, since the deposition efficiency
1s decreased when the hydrogen gas partial pressure is
excessively high, it is preferable that the hydrogen gas
pressure 1S properly selected.

EXAMPLE 12

In Example 12, removal of a flattening film covering
a bump defect will be described. More particularly, the
step of removing Ga will be described below.

In the step of removing a carbon film in the specifica-
tion of Japanese Patent Application No. 4-294536, while
carbon is removed by CDE using only O, only O3, or
a gas mixture of O and Ny, H20, CF4, Hj, N5O, or NO
to oxidize carbon, laser irradiation in an O, or O3 atmo-
sphere, or the like, the step of removing Ga is preferably
performed.

A carbon film deposited by FIB assisted deposition
contains not only carbon but also Ga or O. For this
reason, in the method in which carbon is oxidized to be
removed, although carbon is removed as CO and COa»,
Ga 1s not removed by oxidation, and Ga is left on the
surface as gallium oxide. For this reason, as the carbon
film is further etched, the Ga content in the surface of
' carbon film is increased, thereby reducing the etching
rate of the carbon film. The carbon film having the
reduced etching rate is left in a IN nitric acid aqueous
solution for 5 minutes, the gallium oxide left on the
surface of the carbon film is removed. Thereafter, when
CDE or laser irradiation using oxidation of carbon is
performed, etching can be preferably performed. In this
case, the quartz substrate is not dissolved in the nitric
actd aqueous solution, and Cr serving as a light-shield-
ing material and CrO, serving as an anti-reflection film
react with the nitric acid to be set in a passive state. For
this reason, Cr and CrQOy are not dissolved in the nitric
acid aqueous solution, and the reticle is not damaged.
Gallium oxide can be removed by wet etching using not
only a nitric acid aqueous solution but also a high-con-
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centration sulfuric acid aqueous solution or an alkali
solution such as a KOH or NaOH aqueous solution.

EXAMPLE 13

In Example 13, deposition of a flattening film cover-
ing a bump defect and removal of the flattening film left
after an etch-back operation will be described. In Exam-
ple 13, the following example will be described. That is,
a thin film which can be dissolved by a solution is de-
posited and a carbon film is deposited on the thin film to
form a flattening film having a two-layered structure,
and the remaining carbon film is removed together with
the lower film by a solution after an etch-back opera-
tion.

A PIBM (polyisobutyl methacrylate) LB
(Langmuir-Blodgett) film (18 layers; thickness: 200 A)
is formed in a region including a bump defect on infor-
mation such as the size, shape (recess or projection),
position of a defect detected using a general defect
inspection system. The defect to be repaired 1s recog-
nized using an FIB apparatus on the basis of the infor-
mation of the defect. After a bump defect is recognized,
a carbon film having a thickness of 200 A 1s deposited,
by a 5-keV Ga FIB using a pyrene gas, on the LB film
including a region in which a flattening film is to be
deposited. In order to accurately deposit the flattening
film, as described in the specification of Japanese Patent
Application No. 4-294536, two- or multi-stage deposi-
tion 1s performed by a 20-keV Ga FIB using a pyrene
gas in accordance with the shape and position of the
defect, thereby flattening the defect. In this case, since
the range of 5-keV Ga 1ons in the LB film is less than
100 A, the structure of the LB film 1s not entirely bro-
ken by the 5-keV Ga FIB. In addition, since the carbon
film is deposited by the 5-keV Ga FIB, the structure of
the LB film is not entirely broken by the Ga ions used in
the carbon film deposition performed by the 20-keV Ga
FIB in the subsequent process.

After the flattening film is deposited, as in the steps
described in the specification of Japanese Patent Appli-
cation No. 4-294536, the flat deposited region of the
carbon film including the bump defect is removed.
After the etch-back operation, the LB film is dissolved
by dichloromethane t0 remove a remaining carbon film
on the LB film. Since Si0; serving as the substrate of
the mask and a shifter material and Cr serving as a
light-shielding film material cannot be dissolved by
dichloromethane, only the carbon film and the LB film
can be removed without damaging the light-shielding
material and the shifter.

The flattening film having a two-layered structure is
not limited to the film obtained by combining the PIBM
LB film with the carbon film. That is, a film which can
be dissolved by a solution which cannot dissolve SiO;
and Cr may be used as the lower film, and a film which
can be used 1n an etch back method to remove a bump
defect may be used as the upper film. In addition, a film
which can be mechanically removed by a brush or the
like or a film which can be removed by a method which
does not damage the Si0; and Cr films may be used as
the lower film.

The flattening film is not limited to the flattening film
having the two-layered structure. That is, it is apparent
that a flattening film having a multilayered structure
including the lowermost film consisting of a film which
can be easily removed as described above may be used
as the flattening film.
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EXAMPLE 14

In Example 14, a case wherein the projecting portion
of a bump defect and a flattening film are removed

while a damaged layer is prevented from being formed
in an FIB irradiation region of a substrate will be de-
scribed.

When styrene is used as a source gas of the flattening
film, a deposition efficiency is low, and a long time is
required to repair a defect upon formation. In addition,
an 1on dose during film formation is increased due to the
low deposition efficiency, and chemical dry etching
must be performed at a high temperature for a long time
when the flattening film is removed by chemical dry
etching using an O gas after the step of simultaneously
removing the projecting portion and the flattening film.

When the projecting portion of the projecting defect
and the flattening film are removed by sputter etching
at the same etching rate, a damaged layer is formed in
the FIB irradiation region of the substrate. When as-
sisted etching using a gas containing XeF» or thermal
etching using a laser beam is performed to remove the
damaged layer, an unnecessary groove is formed, and a
margin for processing is decreased.

In order to solve the above problem, according to
Example 14, the following means are employed.

First, when a projecting or divot defect is to be re-
paired, first and second thin films consisting of a mate-
rial containing carbon are formed by FIB deposition
using a methyl methacrylate gas or a 2,4,4-trimethyl-1-
pentene gas Or an 1SOprene gas as source gases.

In this manner, the formation efficiency of the flatten-
ing film can be increased, and a time required for repair
can be shortened. In addition, since an ion dose during
the film formation can be decreased, the flattening film
left after the step of simultaneously removing the flat-
tening film and the projecting portion can be easily
removed.

Second, when a projecting or divot defect is to be
repaired, the projecting portion and first and second
thin films are simultaneously removed FIB assisted
etching using an XeF; gas and an O, gas or an O3 gas.

In this manner, the etching rates of the flattening film
and a shifter can be equalized, and repair can be per-
formed without leaving damage to the substrate surface.
For this reason, the step of removing a damaged layer
can be omitted. Therefore, an unnecessary groove to be
formed during the step of removing a damaged layer is
not formed.

Third, when a projecting and divot defect is to be
repaired, first and second thin films left after the step of
simultaneously removing the projecting portion and the
flattening film are removed by chemical dry etching
using a gas mixture obtained by adding at least one of
CF4, Hp, H20, N3, N2O and NO gases to an O3 gas.

In this manner, when a high-frequency power is ap-
plied, an amount of discharged atomic oxygen is in-
creased, thereby increasing a rate of removing carbon.
In addition, since carbon begins to be removed at a low
temperature, a throughput can be increased.

An application of the present invention will be de-
scribed below.

FIB assisted deposition using methyl methacrylate
(monomer) (CH»:C(CH3)YCOOCH3), 2,4,4-trimethyl-1-
pentene ((CH3);CCH;C(CH3):CHj3), and isoprene
(CH2:C{CH3)YCH:CH,) which are in a liquid state at
room temperature will be described below with refer-
ence to FIG. 1.
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Methyl methacrylate, 2,4,4-trimethyl-1-pentene, or
tsoprene were stored in gas bombs 11, a gas from each
bomb 11 upon its evacuation was sprayed from a nozzle
13 onto a sample 8. At this time, the gas pressure in the
nozzle 13 was 1 Torr. A 25-keV Ga FIB extracted from
an 1on source 1 and having a beam current of 10 pA was
irradiated on the sample onto which the gas was
sprayed, thereby forming a carbon film on the sample 8.

The formation efficiency of the carbon film formed as
described above was examined. When the methyl meth-
acrylate was used, the film formation efficiency was 7.5
atoms/10n; when 2,4,4-trimethyl-1-pentene was used, 11
atoms/10n; and when isoprene was used, 9 atoms/ion.

The specification of Japanese Patent Application No.
4-294536 describes that a flattening film and a quartz
substrate can be simultaneously etched by FIB assisted
etching using a gas. In this case, a filament constituting
a charge neutralizer may react with the gas used. For
example, when a gas serving as an oxidizer is used, a
tungsten filament reacts with the gas to form a tungsten
oxide, and the tungsten oxide is attached to the sample
to be repaired, thereby decreasing the light transmit-
tance of the sample. In order to avoid this, a cover must
be arranged on the tungsten filament to cause the tung-
sten oxide to be attached on the cover surface and to
cause only electrons to reach the sample surface. In
addition, in order to exiend the service life of the fila-
ment by suppressing production of the tungsten oxide,
differential evacuation is preferably performed to re-
duce the pressure of a gas near the filament.

The specification of Japanese Patent Application No.
4-294536 describes that, when a gas mixture containing
XeF; 1s used as a gas used for simultaneously etching a
flattening film and a guartz substrate, a defect can be
removed without damaging a surface substrate. Al-
though depending on the film material of the used flat-
tening film, the etching rate of quartz is higher than that
of most of carbon films formed by FIB assisted deposi-
tion which 1s used as the flattening film in an XeF> gas
atmosphere. When a gas functioning as an oxidizer is
added to the XeF; gas, the etching rate of the flattening
film and the shifter can be equalized.

For example, a case wherein FIB assisted deposition
is performed using a gas mixture of an XeF; gas and an
O gas will be described below. FIG. 26 shows an etch-
ing rate obtained when an O3 gas is added to an XeF,
gas having a gas partial pressure of 0.15 Torr. When the
O, gas partial pressure is about 4 Torr or more, the
etching rates of carbon and quartz are equal to each
other. A change in light transmittance at this time is
shown 1n FIG. 27. As is apparent from FIG. 27, as the
O3 partial pressure is close to 5 Torr, the light transmit-
tance begins to be decreased. However, even when the
Q2 partial pressure is about 6 Torr, the transmittance is
93% or more. When an exposure experiment using a
KrF excimer stepper was actually performed, even
when conditions such as an exposure amount, a focal
depth, and development were changed, repair did not
adversely affect a transfer result.

In this manner, when the gas mixture of the XeF; gas
and the O3 gas 1s used, repair can be performed without
leaving damage to the substrate surface. Therefore, the
step of removing a damaged layer can be omitted, and
an unnecessary groove will not be formed.

In this case, since the allowable value of a difference
between the etching rates of carbon and quartz depends
on condifions for the use of the mask, the allowable
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value must be properly determined on the basis of the
conditions for the use of the mask.

When an XeF; gas having a gas partial pressure of
0.15 Torr 1s used, the difference between etching rates
of carbon and quartz falls within the allowable value. 5
That 1s, although the range of the allowable O gas
partial pressure is wide, an etching yield is decreased to
lower than two times an etching yield obtained when
etching 1s performed by sputtering, and a throughput is
not much increased. 10

When the throughput is to be further increased, the
pressure of the XeF; gas must be increased. For exam-
ple, FIG. 28 shows a case wherein an XeF; gas having
a gas partial pressure of 0.30 Torr is used. In this case, at
a point where a curve indicating the etching rate of 13
quartz crosses a curve indicating the etching rate of
carbon, the etching rates are equal to each other. At this
time, the etching yield of carbon is 7.3 times as high as
that obtained when etching is performed by sputtering,
and the etching yield of quartz is 5.6 times as high as
that obtained when etching is performed by sputtering.
For this reason, an increase in throughput can be ex-
pected. A change in light transmittance in this case is
shown in FIG. 29. As is apparent from FIG. 29, the
light transmittance is kept at about 95%. When an expo-
sure experiment using a KrF excimer stepper was actu-
ally performed, even when conditions such as an expo-
sure amount, a focal depth, and development were
changed, repair did not adversely affect a transfer re-
sult.

In this case, when the gas mixture of the XeF; gas and
the O; gas is used, repair can be performed without
leaving damage to the substrate surface. Therefore, the
step of removing a damaged layer can be omitted, and 35
an unnecessary groove will not be formed.

In this case, since the allowable value of a difference
between the etching rates of carbon and quartz depends
on conditions for the use of the mask, the allowable
value must be properly determined on the basis of the 4,
conditions for the use of the mask.

In this case, since the allowable range of the O; gas
partial pressure in which the difference between the
etching rates of carbon and quartz falls within the range
of an allowable value, is narrow, the partial and total 45
pressures of the gases must be accurately controlled,
and a feedback control mechanism such as a mass-flow
controlier 1s required.

When not only an O3 gas but also an O3 gas is used as
a gas functioning as an oxidizer, the etching rates of s
carbon and quartz can be equalized without leaving any
damage. FIG. 30 shows a case wherein an O3 gas+the
O2 gas are added to an XeF; gas having a gas partial
pressure of 0.15 Torr. The concentration of an O3 gas,
normally generated by an ozonizer for a high concen- 55
- tration, is about 10%. An O3 concentration at the outlet
port of the ozonizer used in this experiment was 10%.
When the O3 gas+the Oz gas are added to the XeF, at
a gas partial pressure of 2.1 Torr, the etching rates of
carbon and quartz are equalized. A change in light 60
transmittance at this time is shown in FIG. 31. As is
apparent from FIG. 31, at this gas partial pressure, a
transmittance of about 95% is obtained. In addition,
when an exposure experiment using a KrF excimer
stepper was actually performed, even when conditions 65
such as an exposure amount, a focal depth, and develop-
ment were changed, repair did not adversely affect a
transfer result.
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In this manner, when the gas mixture of the XeF; gas
and the O3 gas+the O gas is used, repair can be per-
formed without leaving damage to the substrate surface.
Therefore, the step of removing a damaged layer can be
omitted, and an unnecessary groove will not be formed.

In this case, since the allowable value of a difference
between the etching rates of carbon and quartz depends
on conditions for the use of the mask, the allowable
value must be properly determined on the basis of the
conditions for the use of the mask.

In this case, since the allowable range of the O, gas
partial pressure in which the difference between the
etching rates of carbon and quartz falls within the range
of an allowable value is narrow, the partial and total
pressures of the gases must be accurately controlled,
and a feedback control mechanism such as a mass-flow
controller is required.

When the O3 gas is used as a gas functioning as an
oxidizer, since the O3 is easily thermally decomposed at
a low temperature (O3 is instantaneously decomposed
into O at a temperature of 250° C. or more), a manome-
ter such as a Piram1 gauge including a heat source in its
interior cannot be used. Although a capacitance ma-
nometer 1s used in the above example, a pressure mea-
surement means including no heat source in its interior
must be used.

The specification of Japanese Patent Application No.
4-294536 describes that, when a bump defect is re-
moved, carbon left around the bump defect can be re-
moved CDE. As a gas used in this case, an O3 gas mix-
ture can be used. More particularly, one of CF4, H0,
Hj, N2, N;O, and NO gases or a combination of them is
added to an O3 gas, and a high-frequency power is ap-
plied to the gas or gas mixture to electrically discharge
the gas or gases, thereby increasing an amount of atomic
oxygen. Therefore, a removal rate of carbon is in-
creased, and carbon can be removed at a further lower
temperature, thereby obtaining 2 more enhanced effect.

For example, when H>O is added to an O, gas, al-
though depending on the material of a carbon film,
when the O gas is singly used, etching is started at a
temperature of about 100° C. However, when H>O is
added to the O3 gas, the etching is started at room tem-
perature. In addition, although depending on a substrate
temperature, when H>O i1s added at the same substrate
temperature, an etching rate is ten times as high as that
before HyO is not added. The effect of increasing the
etching rate obtained by adding H,O acts on only car-
bon, and the etching rate of Cr or quartz cannot be
increased. For this reason, the mask is not adversely
affected by adding H>O.

Although deposition of carbon, simultaneous etching
of carbon and SiQ», and removal of a damaged layer are
performed by a Ga FIB, the ion is not limited to the Ga
FIB. For example, it is apparent that the process of each
of the above steps may be performed using another ion
such as Au or Si.

EXAMPLE 15

In Example 15, a case wherein a gas containing hy-
drogen atoms 1 its molecules is used for removing a
carbon film will be described.

In the present invention, a carbon film can be re-
moved using a gas containing a hydrogen gas or hydro-
gen atoms in its molecules.

For example, when a 200-W high-frequency power
was applied at a hydrogen gas flow rate of 20 sccm and
a pressure of 0.5 Torr, and a flatting film formed by an



5,429,730

41

FIB using a pyrene gas as a source gas was removed by
a parallel-plate RIE apparatus, only the flattening film
could be removed without etching Cr and quartz. In
addition, the flattening film was removed, damage to

the mask such as a decrease in light transmittance of a
quartz substrate or reduction of the anti-reflection film
of a light-shielding material surface was not observed,
and any problem was not posed in a pattern transfer
experiment using a mask which had been repaired.

In Example 15, dry etching was performed using an
RIE apparatus. A method of performing dry etching is
not Iimited to Example 15. A carbon film can be re-
moved by an etching method such as CDE, ECR etch-
ing, or magnetron RIE using discharge of a gas contain-
. Ing a hydrogen gas or hydrogen atoms in its molecules.
In addition, the removing method is not limited to the
dry etching method. The carbon film can be removed
by laser beam irradiation in a gas atmosphere including
a hydrogen gas or hydrogen atoms in its molecules.

Although a case wherein a carbon film formed by an
FIB using a pyrene gas as a source gas is used as a
flattening film is described above, the present invention
can be applied to a carbon film formed by the FIB
singly using, as a source gas, a hydrocarbon-based gas
such as a styrene gas, a methyl methacrylate gas, a
2,4,4-trimethyl-1-pentene gas, or an isoprene gas or
using 2 gas mixture of a hydrocarbon-based gas and a
hydrogen gas as a source gas, or a film such as a resist
film containing carbon.

As has been described above, according to the pres-
ent invention, a film can be deposited flat on a bump
defect, and the defect can processed to be flat by sputter
etching using an FIB or assisted etching using a charged
particle beam. Damage to a quartz substrate can be
removed by an assisted etching using the charged parti-
cle beam, and a remaining deposition film can be re-
moved by an O; asher or the like, thereby repairing the
bump defect. In addition, a divot defect can be buried
by the assisted deposition using the charged particle
beam. Therefore, when this method is combined with
the method of repairing a bump defect, the divot defect
can be repaired to be flat.

Additional advantages and modifications will readily
occur 1o those skilied in the art. Therefore, the inven-
tion In its broader aspects is not limited to the specific
details, and representative devices, shown and de-
scribed herein. Accordingly, various modifications may
be made without departing from the spirit or scope of
the general inventive concept as defined by the ap-
pended claims and their equivalents.

What 1s claimed is:

1. A method of repairing a bump defect of a structure
obtained by forming a predetermined pattern on a sub-
strate, comprising the steps of:

flattening the bump defect by depositing a flattening

film, formed of a plurality of thin films, on the
substrate such that the flattening film surrounds the
bump defect or located close to the bump defect or
on an upper surface of the bump defect;
simuitaneously removing the bump defect and those
portions of the flattening film which are located on
and around the bump defect by use of a charged
particle beam, said bump defect and said portions
of the flattening film being removed at a substan-

tially identical processing rate, with processing 65

conditions being controlled; and
removing those portions of the flattening film which
remain after the simultaneous removing step.
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2. A method according to claim 1, wherein said flat-
tening film 1s made of a material containing carbon
which 1s assisted-deposited by an FIBS using a gas se-
lected from the group consisting of a pyrene gas, a
styrene gas, a methyl methacrylate gas, a 2,4,4-trimeth-
yl-1-pentene gas, and isoprene gas.

3. A method according to claim 1, wherein said flat-
tening film is made of a material containing gold which
1s assisted-deposited by an FIB using dimethylgoldhexa-
fluoroacetyl acetonate as a source gas, or platinum
which is assisted-deposited by an FIB using (methylcy-
clopentadimethyl)trimethylplatinum as a source gas.

4. A method according to claim 1, wherein said bump
defect and said flattening film are removed by FIB
sputter etching whereln an accelerating voltage is con-
trolled.

5. A method according to claim 1, wherein said bump
defect and said flattening film are removed by FIB
assisted etching wherein at least one of FIB energy, a
gas selection, a gas combination, a gas pressure and a

ratio of partial gas pressures is controlled.
6. A method according to claim 5, wherein said FIB

assisted etching i1s executed by use of at least one se-
lected from the group consisting of an XeF> gas and an
oxygen element-containing gas.

7. A method according to claim 6, wherein said oxy-
gen element-containing gas is a gas selected from the
group consisting of an O; gas, an O3 gas, and an N;O
gas.

8. A method according to claim 1, further comprising
the step of determining an end point of processing of
said bump defect and said flattening film by measuring
secondary particles generated by said bump defect and
flattening film.

9. A method according to claim 1, wherein said por-
tions of the flattening film which remain after the simui-
taneous removing step are removed by a method se-
lected from the group comnsisting of: thermal etching
using a laser beam; reactive etching using a laser beam
mn an O3 or O atmosphere; an O, plasma asher; chemical
dry etching using a gas which is a mixture of an O gas
and at least one of a CF4 gas, an H» gas, an H>0 gas, an
N3 gas, an N>O gas, and an NO gas; either chemical dry
etching or RIE using a hydrogen gas or an intramolecu-
lar hydrogen element-containing gas; and FIB assisted
etching using an O3 gas or an O3 gas.

10. A method according to claim 9, further compris-
ing the step of removing Ga by use of an acid or alkali.

11. A method according to claim 1, wherein said
portions of the flattening film which remain after the
simultaneous removing step are removed by wet etch-
ing.

12. A method according to claim 1, wherein said wet
etching is executed by use of an aqua regia.

13. A method according to claim 1, further compris-
ing the step of removing a damaged layer from a surface
of the substrate after said bump defect and said flatten-
ing film are simuitaneously removed.

14. A method according to claim 13, wherein said
damaged layer is removed by assisted etching using a
gas containing at least XeF; or by thermal etching using
a laser beam.

15. A method of repairing a bump defect of a struc-
ture obtained by forming a predetermined pattern on a
substrate, comprising the steps of:

flattening an upper portion of the bump defect by

providing a coating formed of a photosensitive
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resin or a resin which cross-links or decomposes in
the presence of charged particles;
forming a flattening film locally in a region where the
bump defect is present, by irradiating only said
region with light or charged particles and develop-
Ing;

simultaneously removing the bump defect and those
portions of the flattening film which are located on
and around the bump defect by FIB assisted etch-
ing wherein at least one of FIB energy, a gas selec-
tion, a gas combination, a gas pressure and a ratio
of partial gas pressures is controlled, said bump
defect and said portions of the flattening film being
simultaneously removed at a substantially identical
processing rate; and

removing those portions of the flattening film which

remain after the simultaneous removing step.

16. A method according to claim 15, wherein said
FIB assisted etching is executed by use of at least one
selected from the group consisting of an XeF; gas and
an oxygen element-containing gas.

17. A method according to claim 16, wherein said
oxygen element-containing gas is a gas selected from
the group consisting of an O3 gas, an O3 gas, and an N2O
gas.

18. A method according to claim 15, further compris-
ing the step of determining an end point of processing of
said bump defect and said flattening film by measuring
secondary particles generated by said bump defect and
flattening film.

19. A method according to claim 15, wherein said
portions of the flattening film which remain after the
simultaneous removing step are removed by a method
selected from the group consisting of: thermal etching
using a laser beam; reactive etching using a laser beam
1in an O3 or Oz atmosphere; an O; plasma asher; chemical
dry etching using a gas which is a mixture of an O; gas
and at least one of a CF4 gas, an H, gas, an H,O gas, an
N3 gas, an N;O gas, and NO; either chemical dry etch-
ing or RIE using a hydrogen gas or intramolecular
hydrogen element-containing gas; and FIB assisted
etching using an O3 gas or an O3 gas.

20. A method according to claim 15, further compris-
ing the step of removing Ga by use of an acid or alkali.

21. A method according to claim 15, wherein said
portions of the flattening film which remain after the
sirnultaneous removing step are removed by wet etch-
ing.

22. A method according to claim 21, wherein said
wet etching 1s executed by use of a stripping agent of a
photosensitive resin or a resin which cross-links or de-
composes 1n the presence of charged particles.

23. A method of repairing a divot defect of a struc-
ture obtained by forming a predetermined pattern on a
substrate, comprising the steps of:

filling the divot defect with a filling material and

forming a projection protruding from a surface of
the substrate;

covering a region where the projection is present

with flattening film which is formed of a material 60

different from a material of the substrate, so as to

flatten an upper portion of the projection;
simultaneously removing the projection and those

portions of the flattening film which are located on

and around the projection by use of a charged 65

particle beam; and
removing those portions of the flattening film which
remain after the simultaneous removing step.
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24. A method according to claim 23, wherein said
filling material is substantially equivalent to the material
of the substrate.

25. A method according to claim 23, wherein said
filling material has a light transmittance and a refractive
index which are substantially equal to those of the mate-
rial of the substrate.

26. A method according to claim 23, wherein said
filling material is a silicon oxide obtained by FIB as-
sisted deposition executed by use of a gas which con-
tains a material having an Si-O-Si bond and an Si-H
bond.

27. A method according to claim 26, wherein said
material having an Si-O-Si bond and an Si-H bond has
an ring structure.

28. A method according to claim 26, wherein said
material having an Si-O-Si bond and an Si-H bond 1s a
1,3,3,7-tetramethylcyclotetrasiloxane.

29. A method according to claim 26, wherein a Ga
beam or a Si beam is used as said FIB.

30. A method according to claim 26, wherein said
FIB assisted deposition is executed by controlling at
least one of an FIB energy, an FIB current density, a
ratio of gas partial pressure, and a gas pressure.

31. A method according to claim 26, wherein said
FIB assisted deposition is executed by supplying a gas
including an oxygen element-containing material to the
surface of the structure, in addition to the gas contain-
ing the material having an Si-O-Si bond and an Si-H
bond.

32. A method according to claim 31, wherein said
oxygen element-containing material is a material se-
lected from the group consisting of O3, O3 and N>O.

33. A method according to claim 26, wherein said
silicon oxide is obtained by using an oxygen gas and a
1,3,5,7-tetramethylcyclotetrasiloxane gas.

34. A method according to claim 23, wherein said
divot defect is filled with the filling material in at least
two steps.

35. A method according to claim 23, wherein said
flattening film is heated before the flattening film is
removed, by irradiating the flattening film with a laser
beam, for local heating.

36. A method according to claim 23, wherein said
step of filling the divot defect with the filling material is
executed by depositing a silicon nitride film by FIB
assisted deposition which uses: a gas including a silicon
element-containing material; and a gas including a nitro-
gen element-containing material.

37. A method according to claim 36, wherein said
silicon element-containing material is a material having
at least one bond selected from the group consisting of
an S1-N bond and an Si-H bond.

38. A method according to claim 36, wherein said
nitrogen element-containing material is nitrogen or
ammonia. :

39. A method according to claim 23, wherein said
flattening film is made of a material containing carbon
which is assisted-deposited by an FIB using a gas se-
lected from the group consisting of a pyrene gas, a
styrene gas, a methyl methacrylate gas, a 2,4,4-trimeth-
yl-1-pentene gas, and isoprene gas.

40. A method according to claim 23, wherein said
flattening film is made of a material containing gold
which is assisted-deposited by an FIB using dimethyl-
goldhexafluoroacetyl acetonate as a source gas, lot plat-
inum which is assisted-deposited by an FIB using (me-
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thylcyclopentadimethyl)trimethylplatinum as a source
£as.

41. A method according to claim 23, wherein said
material different from the material of the substrate is
either a photosensitive resin or a resin which cross-links
or decomposes in the presence of charged particles.

42. A method according to claim 23, wherein said
projection and said flattening film are removed at a
substantially identical processing rate, with processing
conditions controlled.

43. A method according to claim 23, wherein said
projection and said flattening film are removed by FIB
sputter etching wherein an accelerating voltage is con-
trolled.

44. A method according to claim 23, wherein said
projection and said flattening film are removed by FIB
assisted etching wherein at least one of FIB energy, a
gas selection, a gas combination, a gas pressure and a
ratio of partial gas pressures is controlled.

45. A method according to claim 44, wherein said
FIB assisted etching is executed by use of at least one
selected from the group consisting of an XeF; gas and
an oxygen element-containing gas.

46. A method according to claim 45, wherein said
oxygen element-containing gas is a gas selected from
the group consisting of an O3 gas, an O3 gas, and a N>O
gas.
47. A method according to claim 23, further compris-
ing the step of determining an end point of processing of
said projection and said flattening film by measuring
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secondary particles generated by said projection and
flattening film.

48. A method according to claim 23, wherein said
portions of the flattening film which remain after the
simultaneous removing step are removed by a method
selected from the group consisting of: thermal etching
using a laser beam; reactive etching using a laser beam
m an O3 or Oz atmosphere; an O; plasma asher; chemical
dry etching using a gas which is a mixture of an O, gas
and at least one of a CF4 gas, an Hj gas, an H>O gas, an
N> gas, an NO gas, and an NO gas; either chemical dry
etching or RIE using a hydrogen gas element-contain-
ing gas; and FIB assisted etching gas or an O3 gas.

49. A method according to claim 48, further compris-
ing removing Ga by use of an acid or alkali.

30. A method according to claim 23, wherein said the
flattening film which remain after the simultaneous
removing step are removed by wet etching.

51. A method according to claim 50, wherein said
wet etching 1s executed by use of a stripping agent of a
photosensitive resin or a resin which cross-links or de-
composes in the presence of charged particles.

92. A method according to claim 50, wherein said
wet etching is executed by use of an aqua regia.

33. A method according to claim 23, further compris-
ing the step of removing a damaged layer from a surface
of the substrate afier said projection and said flattening
film are simultaneously removed.

54. A method according to claim 53, wherein said
damaged layer 1s removed by assisted etching using a
gas containing at least XeF; or by thermal etching using
a laser beam.
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